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THE ACTION OF EXTRACTS FROM THE ANTERIOR LOBE 
OF THE PITUITARY GLAND ON THE ISLETS OF 
LANGERHANS IN THE PANCREAS OF THE MOUSE 


By L. E. MOUNT 
From the Departments of Physiology and Biochemistry, University College, Totten 
(Received 4 July 1950) 


Crude extracts of acetone-dried anterior lobes of pituitary glands were claimed 
by Anselmino, Herold & Hoffman (1933) to exert a ‘pancreotropic’ action 
when injected into young rats. The term ‘pancreotropic’ was meant to imply 
that the extract, apart from its effect in accelerating body growth as a whole, 
had a selective action on the islets of Langerhans, increasing their size and 
numbers in a disproportionate manner when compared with the effect on 
acinar tissue or the parenchyma of other organs. Thus after treatment for no 
more than a few days, it was claimed from qualitative examination of serial 
sections that islet growth of this disproportionate kind had occurred. Richardson 
& Young (1937), measuring the islet/acinar ratio for the pancreas of the rat, 
could not confirm this effect, but, by using a saline extract of fresh undesiccated 
anterior lobe of the pituitary gland, and by continuing daily injections for 2-3 
weeks, they found that the islet/acinar ratio was double that for controls. 
Later, Marks & Young (19405) observed that prolactin increases the insulin 


- content of the pancreas of the rat without promoting general growth, and 


Fraenkel-Conrat, Herring, Simpson & Evans (1941, 1944) found that both 
prolactin and adrenocorticotrophic hormone increase the insulin content of the 
pancreas in the rat. 

In view of these observations, it was considered appropriate to try to 
investigate the influence of crude anterior pituitary extract and of prolactin 
on the islet tissue in the pancreas of that convenient laboratory animal, the 
mouse. 

7 METHODS AND MATERIALS 
The experimen out on a mixed stock of mice all of which were 
derived from akon anda ‘otal experiment some animals of a different strain 
were included (Table 1). As far as possible litters were divided equally to form parts of corres- 
ponding control and test groups. Groups of mice which were 55 +4 days old at the commencement 
of the experiments are referred to as the younger groups, and 95:4 days old mice form ths oles 
PH. CXIV. 
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groups. The two anterior pituitary extracts with which the test animals were treated will be termed 

‘APE? (extract of fresh ox anterior pituitary) and ‘Prolactin’ (Glaxo Products Ltd.). All ex- 

periments lasted 21 days, and the animals were weighed at weekly intervals throughout the 
ta. 

The fresh extract, prepared as described by Young (1941), was administered subcutaneously in 
0-5 cc. dose (=0-125 g. anterior lobe tissue) each day. The batches of fresh extract used in the 
different experiments were all comparable, containing approximately 140 ‘diabetogenic units’ per 
c.c. (Reid, 1949). - 

The Glaxo ‘Prolactin’ powder (10 i.u./mg.) was dissolved as completely as possible in saline, 
the pH of the final solution being adjusted to approximately 8-7; this was administered in 0-6 c.c. 
dose subcutaneously each day (0-5 c.c.=3-2 mg. dissolved preparation=5-0 mg. original powder). 
The same sample of ‘Prolactin’ powder was used throughout, and the method of preparation of the 
solution was the same each time. Control animals were injected daily with 0-5 o.c. normal saline 
subcutaneously. 
At the end of each experiment the indiviflual animals were weighed, killed and the pancreas 

For the estimation of acinar tissue, of islet tissue and of islet number in the pancreas, the method 

previously described (Mount, 1948) was used with certain modifications. 
_ Originally, the presenting surface area of the islet tissue in the pancreas, flattened between 
plates, was assessed by projecting a photograph on a screen, outlining the islet images, and after- 
wards collecting them into a continuous area on tracing paper. This area, representing total islet 
area in the projected image, was then estimated planimetrically. Another method for calculation 
of this total area has been used in the present experiments. 

The pancreas preparation was made as before, photographed, and the photograph projected 
(total magnification about 8 diameters) on a screen consisting of finely lined squared paper, the 
side of each square being 0-5 cm. A count was made of the number of times an islet image lay on 
an intersection of the grid on the screen. 

This count was repeated about 20 times, the grid moved laterally to the line of projection 
each time, keeping the magnification of the slide and the working distance of the projector constant. 
The counts were averaged, and the total islet area on the screen calculated as follows: 


Number of intersections on screen y 
Average count of islet intersections $= x 
Area of screen A om.? 
Then total islet area on screen =2A/y om.? 
If magnification due to photograph =m diameters, 
and magnification due to projection =WM diameters, 
then total islet area in original preparation = om, 

ym*M* 


This area was used as an index of the amount of islet tissue present in the pancreas (Mount, 1948). 


It is hoped that an account of investigations into the accuracy of this method will be published 
elsewhere. 


‘RESULTS 

Tables 1-4 give comparisons between control and test groups for ‘APE’ and 
‘Prolactin’ treatments. All changes are in terms of control groups of mice, 
‘Increase’ meaning ‘increase over corresponding controls’. The figures given 
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Tastz }. ‘APE’: 0-5 c.c. subcutaneously daily for 21 days. Mice aged 55 days at commencément 


Control (10 mice) Test (12 mice) Comparison 
change 16 2 + ee 
index 098+ 0-11 1.23: 0-1 P= 
>. Islet/acinar ratio 0-354 0-02 0-44+ 0-03 P= 0-025 
| Islet/body weight ratio 3-9 + 0-2 42 + 03 Pu 08 
Number of islets 625 665 i452 P= 0-06 
Pancreatic volume: mm.’ 274 +13 279 +16 
Taste 2. ‘APE’: 0-5 c.c. subcutaneously daily for 21 days. Mice aged 95 days at commencement 
"Control (11 mice) ‘Test (18 mice) Comparison 
weight change +5 +1 P= <0-001 
fal volume index 0-794 0-04 0-954 0-05 P= 0-025 
Islet/acinar ratio 0-32+ 0-02 0-33+ 0-02 
/body weight ratio 25 + O01 25 + 0-15 wae 
Number of islets +14 400 i12 a 
1 volume: mm.? 253 i 5 292 =i9 P= 0-001 
a TaBwz 3. ‘Prolactin’: 0-5 c.c. subcutaneously daily for 21 days. 
. | , Mice aged 55 days at commencement 
' 5 Control (6 mice) (4, Test (10 mice) Comparison 
weight change +23 +2 +30 +15 P=001 * 
volume index’ 0-08 0-844 0-04 P=0-001 
d Islet/acinar ratio 0-26+ 0-03 0-31+ 0-02 P=0-2 
e weight 24 + O15 3-1 + 0-15 P=0-005 
Number of islets 573 +29 645 +18 P=0-05 
volume: mm.* P55 +22 275 =+12 
| | 
‘ i Tasiz 4. ‘Prolactin’: 0-5 c.c. subcutaneously daily for 21 days. 
| ___ Mice aged 95 days at commencement 
, Control (11 mice) Test (11 mice) Comparison 
weight change +5 +1 +12 + 25 P=0-025 
index 0-79+ 0-04 0-774 0-04 
— sis 
t oOo + 
Num «4:14 419 +419 
| Pancreatic volume: mm.* 2538 + 5 256 +10 
are arithmetic means for each set of observations, and plus or minus standard 
error of the mean (s.£.), where 
arithmetic mean =2, 
1. | | 
od = 
and N =number of mice in group. 
When comparing tests with controls, values of P below 0-05 are hieaiioees! 
id } as indicating a significant difference, P being obtained from the criterion 
e, | 
= Te. 
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Table 1 includes experiments on mice of a different stock from those repre- 

sented in Tables 2, 3 and 4; for this reason it is not justifiable to compare 
directly individual values from Table 1 with values in other tables. Test and 
control groups in Table 1 are so arranged as to contain equal numbers of the 
different strains, and it would therefore seem reasonable to compare test and 
control groups within this table, as described below. No comparisons are made 
between actual values from different tables, but only between test and control 
groups of each table. 
_ The percentage weight gain of the whole mouse over the 3 weeks of the 
experiment is increased significantly by both ‘APE’ and by ‘Prolactin’ (Figs. 1 
and 2). The effect is greater with ‘APE’ and the effect of the latter is greater 
in the older group than in the younger group. 

There is a significant increase in the index of total islet volume in the young — 
group treated with ‘Prolactin’ and in the old group treated with ‘APE’, and 
a tendency in this direction in the young group with ‘APE’. In the old group 
(Table 2), this increase is paralleled by a proportionate increase both in total 
- pancreatic volume and in body weight, so that the islet/acinar and islet/body 
weight ratios remain unchanged. In the old group treated with ‘Prolactin’ 
(Table 4) there is no increase either in total islet or in total pancreatic volume. 
In the young group treated with ‘APE’ (Table 1), the increase in total islet 
- volume (not statistically significant in itself) is of the same order as the increase 
in body weight, so there is no significant increase in islet/body weight ratio. 
The total pancreatic volume, however, remains unchanged, so that a significant 
increase in islet/acinar ratio is observed. Conversely, in the young group treated 
with ‘Prolactin’ (Table 3), the increase in total islet tissue is significantly 
greater than the increase in body weight, giving an increase in islet/body 
weight ratio. Here, however, an increase in total pancreatic volume, though 
not significant, reduces the increase in islet/acinar ratio to one of no significance. 
The number of islets is increased significantly in the younger groups by both 
‘APR’ and ‘Prolactin,’ and neither extract has any effect on the number of 
islets in the older groups. - 

A marked feature of these results is the apparent variability of the total 
pancreatic islet volume, found not only in mice of the same strain but amongst 
individuals of the same litter. On the basis of limited observations on two 
inbred strains (C3H, C57 Black), it was clear that no advantage would be 
obtained by using inbred mice in preferenee to mixed stock in this type of 


experiment. The variation in the index of islet volume, which was unexpected, 
was too great. 
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DISCUSSION 
A possible pancreotropic effect exerted by either extract used would be most 
effectively judged by consideration of changes in the following criteria: islet 
number, total islet volume, islet/acinar ratio and islet/body weight ratio. In 
the two younger groups (Tables 1 and 3), ‘APE’ produced a significant increase 
in islet number and islet/acinar ratio, and tended to increase total islet volume 
and islet/body weight ratio; ‘Prolactin’ increased the islet number, total islet 
volume and islet/body weight ratio significantly, and tended to increase the 


-islet/acinar ratio. | 


oa? 


20 | 
0 1 2 i 
Weeks of treatment ~ Weeks of treatment 
Fig. 1 Fig 2. 


Fig. 1. Effects of treatment with ‘APE’ on weight changes of younger (A) and older (B) groups 
of mice. Interrupted line, treated with ‘APE’; continuous line, controls. 

Fig. 2. Effects of treatment with ‘Prolactin’ on weight changes of younger (A) and older (B) groups’ 
of mice. Interrupted line: treated with ‘Prolactin’; continuous line: controls. 


‘In the two older groups (Tables 2 and 4), the only significant increase in 


_ these four criteria was that produced by ‘APE’ on total islet volume, and the 


only tendency to increase was that due to the action of ‘Prolactin’ on islet 
number. 
Thus the pancreotropic effects of the two extracts were much more marked 
in the younger groups than in the older, and these results may be interpreted 
as showing that treatment of mice with either ‘APE’ or ‘Prolactin’ produces 
effects on the islets which are conditioned by the age of the experimental animals. 
Fig. 3 demonstrates the approximate relation between age and body weight 
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for 200 normal untreated mice from the same source as that used for these 
experiments. It is apparent from this curve that mice of the younger groups 
would be growing rather more than twice as fast as animals in the older ; groups. 
Since the selective islet. response occurred mainly in the younger mice, it is 
suggested that the anterior pituitary extracts used exert a pancreotropic action 
particularly during the period of rapid oe growth. 


35 


=} 


Average weight in grams 


= 


80 100 120 140 
Age in days : 


Fig. 3. A, experimental period 
for younger mice; B, experimental period for older mice. 


a addition, ‘APE . hes a marked action on the growth of the mouse, pro- 
ducing an increase greater than that occurring normally; ‘Prolactin’ has a much 
smaller effect on general bodily growth, but has a definite effect on the islets in 

- the younger mice similar in nature and degree to that produced by ‘APE’. 
This would support the conclusion that the ‘Prolactin’ extract used in these 
experiments contained a pancreotropic factor which is present in ‘APE’ but 
which is not reduced so much in amount in the course of ‘ Prolactin’ preparation 
as is the growth-promoting substance. This conclusion is in general accord with - 
the findings of Marks & Young (1940a) that both fresh and stale saline extracts 

_ of anterior pituitary have growth-promoting and insulin-increasing properties 
but that commercial dried extract has insulin-increasing power only. 


SUMMARY 


1. An index of the amount of pancreatic islet tissue in micé has been 


evolved, and the effects of ox anterior pituitary extracts on this index 
determined. 


2. Both a fresh saline extract, and a ‘Prolactin’ solution prepared from 
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dried powder, tended to exert a relative islet-increasing or saa 
action in mice 55 days old. 
3. This tropic effect was largely absent in mice 95 days old. 


I wish to express my gratitude to Professor F. G.-Young and Mr K. C. Richardson for their 
unfailing interest and encouragement throughout this investigation. 

This work was carried out with the aid of a grant from the British Empire Cancer Campaign to 
Professor F, G. Young; for the assistance thus provided I wish to express my thanks, 
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THE ABSOLUTE THRESHOLD FOR VISION IN THE CAT | 


By RALPH GUNTER 


From the Vision Research Unit of the Medical Research Council, 
Institute of Ophthalmology, Judd Street, London, W.C.1 . 


(Received 14 July 1950) 


In recent investigations of vision in animals the methods of electrophysiology 
have proved an invaluable tool for the elucidation of functions of the visual 
apparatus. Action potentials in optic nerve fibres, as well as electro-retinograms, 
have been employed to this end; so that we now have a body of accurate and 


objective information regarding the capacities of the animal’s peripheral 


visual system. 

Much of this information has been obtained by taking as an index of retinal 
sensitivity the relative energy in different parts of the spectrum necessary to 
produce a constant physiological effect, such as the height of the b-wave of the 
retinogram (Chaffee & Hampson, 1924), or a constant retinal potential (Graham 
& Riggs, 1935), or a constant number of optic nerve impulses (Graham & 
Hartline, 1935). 

By plotting sensitivity as the reciprocal of the amount of light energy neces- 
sary to produce a threshold response (or any other constant response) against 
wave-length, luminosity curves for various animals under different conditions 
of adaptation have been obtained. These curves, which describe the sensitivity 
of the eye to lights of various wave-length show, in most cases, fairly good 
agreement with the spectral distribution of sensitivity of the human eye 
obtained by subjective methods under similar conditions of adaptation. It is 
reasonable to suggest that the luminosity curve as a psychophysical function 
corresponds to a reaction of the retina, which manifests itself as a measurable 
electrical response. This quantitative electrical response has ofteh been assumed 
to be the likely physiological basis of the sensation of brightness, so that, on 
this assumption, a constant retinal potential can be taken as a measure of the 
sensitivity of the retina to lights of different wave-length. This method has 
been widely used as a means of investigating colour vision. From the point of 
view of physiology, however, we are merely dealing with the spectral distribu- 
tion of sensitivity under various conditions of adaptation, while properties of 
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has undertaken a series of investigations into the question of colour vision in 


' animal’s absolute retinal sensitivity. In this case the minimal amount of white 


" plan in Fig. 1. The dark-adapted animal was released from the restraining chamber, R; pushed open 
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colour, such as brightness and hue, are purely psychological concepts, a quan- 
titative estimation of which can only be obtained by considering the reaction 
of the living animal to various spectral stimuli, and it would be of interest to 
compare: the data obtained by this method with those obtained by means of 
electrophysiology. 

Employing the method of behavioural discrimination, the present author 


the cat, an animal for which a reliable body of information has already been 
obtained by electro-physiological and other methods. 

The experiment reported in this paper was designed as a preliminary step in 
this direction, and was intended to supply information as to the limits of the 


light which the animal is capable of discriminating from darkness, under con- 
ditions of complete dark-adaptation, has been taken as an index of the absolute 
threshold. 

METHOD 
The apparatus used was a Y-shaped discrimination box; its dimensions are given on the general 


door D,; and faced doors D,, which were hinged on either arm of the box. In the middle of these 


le 12 in.> 


Fig. 1. Ground plan for discrimination box. L, light box; F, food; D,, hinged door; D,, hinged 
door with 3x 3in. opal glass panel; G, glass partition; R, Restraining chamber. The box 
is 13 in. high. 


doors was a 3x3 in. milk glass panel, one of which (the positive stimulus) was illuminated from 
behind by white light from the light box L. The stimulus panel on the other door remained dark. 
A glass partition, G, which separated one stimulus panel from the other, was found useful during 
the initial stages of training by increasing the time needed by the animal to obtain its food behind 
the positive stimulus, once it had made the wrong choice and had gone to the non-illuminated 
door. The whole box was painted flat black inside. Removable covers could be fitted light-tight 
over all sections of the apparatus. 
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bind both 
l . To equalize the olfactory stimuli, dishes containing milk were 
only the one behind the door bearing the positive stimulus was accessible to the 
(2) Switches. In order to avoid conditioning the animals to the click of the contacts when changing 
the light stimuli, Mutac silent switches were employed. , 
_ (3) Prevention of light-adaptation. In order to avoid light-adaptation while the animal was eating 
its reward, the doors were wired in such a way as to cut out the stimulus light as soon as the 
animal opened them. | a 
~ 4 Test of light-tightness of box. To test whether light, unobservable by the experimenter, could 
enter the box from the outside, or whether the light providing the positive stimulus could penetrate 
between the sides of the stimulus door D,, and the sides of the box, the whole of the apparatus in 
front of the doors D, was laid out with bromide paper, the stimulus panels were blacked out with 
various layers of black paper, and the lids were placed over the box. Both light boxes were switched 
on, and the whole of the apparatus illuminated from the outside, both from aboye and below, 
by four 1000 W. lamps for 24 hr. When the bromide paper was developed, no traces of fogging 
were shown. 
P Ww F H C i 


F&in. Optical Heat-al 
wedge glass 


Fig. 2. Plan of optical system. 


(5) Test experiments. To test for the absence of secondary clues, experiments were done both 
with stimulus intensities of below threshold value and with absence of illumination on both stimulus 
panels. Completely random responses by the animal to these tests revealed that the cats were 
responding to the light stimulus, and not to any other clues. 


Optical system 

A line-drawing of the optical system is shown in Fig. 2. The light from lamp L is focused at the 
condenser lens (. From here it passes through heat-absorbing glass H (Chance O.N. 20), and its 
intensity is reduced by means of one or more Ilford neutral tint filters, 7. An optical wedge with 
compensator, W, can be adjusted to give the required further small changes in intensity. The 


projector lens P forms an image of the condenser lens on the stimulus panel of the 
box. 


Control of voltage across the light source : 


_ The current was supplied by 230 V., 50 cycles, a.c. mains and passed through a constant voltage 
transformer which reduced the normal (10%) a.c. mains fluctuations to voltage fluctuations of 
0-5%,. The current was then fed into a step-down transformer. To ensure that the lamps were at 
all times run at their rated value, a voltmeter was put across the lamp-circuit, and by means of an 


adjustable rheostat, the voltage was kept constant at 12 V. Fig. 3 shows an outline of this 
arrangement. : | | 
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and the experiment began. 
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Six animals (four females, two males) were used in this experiment, and were trained to dis- 
criminate between white light of high brightness and colour tempetature 2950-3100° K. (the 
positive stimulus) and darkness (the negative stimulus). According to a predetermined random 
order, either glass panel was illuminated and the animal had to show its ability to discriminate by 
opening the door containing the positive stimulus, where it obtained milk. No punishment was 
given for the wrong choice. A correct response in twenty-five successive trials was taken as the 


criterion for learning and was reached by all cats from between 110 and 250 trials (Table 1). As 


soon as the animals were trained to the high intensity level used during training, the brightness of 
the positive stimulus was decreased to a suitable low level by means of Ilford neutral tint filters 


Input 12V. 36W. 
230V.~ | | lamps 
50~ 


Constant Step-down 
voltage transformer 


Fig. 3. Control of voltage. 


AN animals were completely dark-adapted for 1 hr. before the experiment, which was run in 
a dark room, with the stimulus panels as the only source of illumination. 


Taste 1, Number of trials required by six cats to learn the discrimination of 
light versus darkness. 


Luminance of positive No. of 
stimulus during training trials 


Ont (f.c.) required 
80 110 
2 80 125 
3 40 250 
4 40 160 
5 10 150 
6 10 180 


light in all animals. The data also show that the magnitude of the intensity of the light stimulus 
does not seem to be a significant factor in the process of learning the discrimination. 


The intensity of the stimulus was measured by means of an Autophotometer (Everett 
Edgeumbe) {which was {periodically checked against an N.P.L. standard source. The intensity 
was decreased in gradual steps by means of calibrated wedges and neutral filters, until the 
animal, by giving random responses, showed that it could no longer distinguish between the illumi- 
nated and the dark stimulus panel. No limit was given to the exposure time. The panel remained 
illuminated at one particular intensity level until the animal had made its choice. The animal was 
given twenty runs at each intensity level, and each experimental session required sixty runs a day, 
i.e. three intensity levels were explored daily. Before experiments on a new intensity level were 
started, the animal was re-tested at the intensity at which it had previously given a 100% correct 
response, so that, in fact, each new session consisted of (i) a pre-test, and (ii) the crucial experiment. 
In order to avoid the interference of the experiment with the test, the data for the near-threshold 
responses were collected by interspersing the crucial test intensity with an intensity to which the 
animals had consistently responded positively at previous experiments, so that the twenty test 


Procedure | ‘ 
Voltmeter 
Rheostat © 
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This table shows that between 110 and 250 trials were necessary to establish the response to 
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results were collected! from approximately forty trials. By this method a state of high motivation 
was maintained and a situation of mental stress avoided, because a negative, non-rewarded difficult 
choice, was soon followed by a positive and well-rewarded one. 
The animals were kept under normal living conditions and allowed to eat.as much as they liked 
after the day’s experimenta. 
RESULTS 


In order to make the siienast results comparable with similar data setahanea 


 by.other workers, the 80% level of correct response to the positive stimulus 


has been ehosen as the criterion of successful discrimination. On this basis 
the threshold values obtained ranged from 6-32 x 10-* mL. to 12-21 x 10-* mL. 


within the population studied. The arithmetic mean of these values iB 


9-92 x 10-° mL., with a standard error of + 092 x 10-* mL. 
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Fig. 5. Points represent average results for series of trials for one ca. 
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In order to get some idea of the variations around the threshold, all animals 
were re-tested at frequent intervals, and it was interesting to note the day-to- 
day fluctuations of the threshold values. However, these oscillations were 
strikingly similar in the same animal when tested twice on the same day with 
1 hr. interval between them. — 

Human thresholds, Under the conditions described above, the absolute thres- 
hold for two human observers was determined and the same computation was 
applied to the aggregate data. It was found that the 80% level of correct 
response to the positive stimulus corresponded to a mean intensity value of 
5-47 x mL. with a standard error of + 0-37 x 10-7 mL. 

The transition from ‘seeing’ at ohe brightness level to ‘not seeing’ at a level 
one-half of a log unit below, was found td be es gerry 


DISCUSSION 
Bridgeman & Smith (1942) found the absolute threshold of six cats to white 
light to lie between 5-8 x 10-* and 2:4x 10-7 mL. with an average value of 
8-2 x 10-*mL, They, however, were using a different method. Their animals were 
trained to press a lever when a glass panel was illuminated. They received a 
slight electric shock if they responded when no light was presented. This method 
seems to produce a sharper point of transition from ‘seeing’ to ‘not seeing’. 
In view of the differences in experimental method the values obtained by the 
present writer are not strictly comparable to those given by these investigators, 
who, unfortunately, do not state a measure of reliability attaching to their 
estimate. In spite of these differences in procedure, their mean value falls just 
outside the limits covered by the writer’s standard error. 

When their criterion of choosing as the threshold the lowest brightness level 
to which the animal responded correctly with a score of 80% in any series of 
twenty trials, and ignoring all other responses of the animal to the same and 
other brightness levels, was applied to the present data, it was found that the 
actual values thus obtained were comparable to those found by Bridgeman 
& Smith (1942). It is interesting to note, however, that the threshold values 
for two human observers obtained by these workers under the same conditions 
as for the cats was found to be 5:8 x 10~’ mL., i.e. the human threshold was 
higher by a factor of 7 as compared with that found for the cats. 

Comparing the human threshold value obtained by the author to that found 
for his cats, it will be seen that their absolute threshold is lower by a factor of ~ 
almost 6, 

Hecht & Pirenne (1940), working on the owl, and taking the minimal observ- 
able pupil contraction in response to green light as their criterjon, report an 
absolute threshold of 1-5 x 10-?mL. Their own threshold measured by the same 
criterion under the same conditions is stated as approximately 4-0 x 10-’mL. 
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The most value for the human threshold, as cited by 
(1938) in his survey of the literature, is given as 5-8 x 10-? mL. 

Mead (1942) reports an absolute lower threshold in two of his cats of approxi- — 
mately 1:3 10-7 ml. His method was essentially similar to that of the present 
author. As a criterion of the absolute threshold Mead took the inability of the 
animal to distinguish the intensity level of the standard (brighter) stimulus 
from. zero illumination on the negative stimulus panel. Mead’s absolute — 
threshold differs from that reported by Bridgeman (1938) for the average value _ 
of six normal cats and from that obtained by the present author by ad than 
one log unit. 

' There are many factors i in the cat’s visual system which may contribute to 
a = jae than human retinal sensitivity, such as, for instance, the higher rod- 
cone ratio and the finding of Glees (1941), who reports that in the cat 30-40 
terminals are related to each geniculate cell and that there is a considerable 
degree of overlap. In spite of this, the relatively lower sensory threshold can 
be adequately accounted for by a combination of reflexion from the tapetum 


lucidum (Briicke-Helmholtz phenomenon) and the greater amount of light 


which reaches the cat’s retina owing to the increased aperture of its dioptric 
system. A comparison of the ‘f’ value (signifying speed) of the human eye 
with that of the cat’s eye shows that the efficiency of the latter is markedly 
superior. 

The retinal sensitivity of the human subject is, therefore, not necessarily 
any less than that of the cat, it may be only that the cat’s dioptric mechanism 
is adapted for lower visual stimuli, and the work of Smith (1936) and of Mead 
(1942) on brightness discrimination in the cat bears out this contention. 

A lower absolute threshold was vividly illustrated in the present experiment 
where the cat gave consistently correct responses to an illuminated stimulus 


panel invisible to the writer, who was as dark-adapted as the experimental 


animals. 


1. By the method of behavioural discrimination the absolute lower threshold 
to white light of 2950-3100° K. was for six 
cats. 

2. The threshold values at the 80% level of successful response to the 
positive stimulus were found to lie between 6-32 x 10-® and 12-21 x 10-8 mu. 
(mean 9-92 x 10-* mL. with s.z. + 0-92 x 10-* mL.). 

3. The absolute threshold for two human observers was obtained under the 
same conditions as for the cats, and a valueof 5-47 x 10-’ mL. (s.x. + 0-37 x 10-*) 
computed. | 
' 4. Comparing this human threshold value to that of the cats the animals’ 
absolute threshold is mower by a factor of almost 6. 
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5. As possible reasons for the low threshold in cata, an explanation is offered 


_ in terms of the greater speed of the animals’ dioptric mechanism (‘f’ value) and 


the reflexion of the tapetum lucidum. 

6, The threshold values found by the writer are compared with estimates 
of the minimal amount of white light perceptible by the cat as cited in the 
literature, and some possible reasons for the discrepancies in the results are 
discussed, 

The writer wishes to express his thanks to his colleague Dr L. C. Thomson for many valuable 
discussions and to Dr Westgarth for his help with the statistical part of this investigation. 
Dr K. 8. Bridgeman has been kind enough to make his results, contained in a thesis, accessible 
to the writer. The greater-part of the work was carried out at the Imperial College of Science, 
London, and the writer wishes to express his thanks to the College authorities for putting the 
laboratory facilities at his disposal. 
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THE INTERACTION OF pH, OSMOTIC PRESSURE AND 
ELECTROLYTE CONCENTRATION ON THE MOTILITY 
OF RAM, BULL AND HUMAN SPERMATOZOA 


By A. W. BLACKSHAW anp C. W. EMMENS 


From the Department of Veterinary Physiology, University of Sydney, 
Sydney, N.S.W., Austraha 7 


(Received 18 July 1960) 


The motility of rabbit spermatozoa is not significantly affected by changes in 


the proportions of glucose and sodium chloride in buffered diluents of the 


same osmotic pressure, except at a high pH (Emmens, 1947, 1948). At a pH — 
of 9-6-9-7, however, in media isotonic with physiological saline, a concentration 

of above 0-2% of sodium chloride depresses motility, which is greater in a 
hypotonic diluent than in an isotonic diluent with more than this amount of 
electrolyte. This finding is at variance with the reports of Milovanov (1934) 


and other workers quoted by him, who believe that in acid media a low 


electrolyte concentration is desirable for optimal survival of spermatozoa. 
Yamane (1920), however, found that equine spermatozoa live rather longer in 
hypotonic saline than in more concentrated solutions, whereas isotonic glucose 
was better than any other dextrose concentration. His results were neverthe- 
less obtained at a normal pH for equine semen, which is about 7:3. 

The discovery that, in our 6-hr. test of motility, the concentration of sodium 
chloride is unimportant for rabbit spermatozoa was surprising, as it seems to 
be generally accepted that electrolytes profoundly influence the activity of such 
cells. Anderson (1945), in an account of this problem largely based on the 
Russian work, states that a certain concentration of electrolytes is necessary 
for normal irritability, but.that too much overstimulates spermatozoa, which 
rapidly lose motility and die. Milovanov (1934) believes that because of this, 
chlorides should not be used in diluting fluids, and has evolved a test of the 
‘resistance’ of spermatozoa by titration with 1% NaCl, the end-point being 
immotility. The results of Emmens & Swyer (1948) clearly demonstrate that 
the immobilizing effect in Milovanov’s test is not due to sodium chloride but 
purely to dilution of the semen, and that as rapid or even more rapidly developing 
immotility may be caused by dilution of rabbit semen with chloride-free media. 
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No other recent work seems to have been published in which this question is 

critically examined. | 
In the present experiments, the spermatozoa of the ram, bull and man have 

been studied as were those of the rabbit (Emmens, 1948), with the object of 


determining how general the findings, previously confined to one mammal, may 
be. These tests are intended as the basis of further work in which respiration 
and metabolism will be investigated, and in which it will be of importance to 
know the conditions under which variations in the electrolyte or glucose content 
of media significantly affect motility. | 


‘ METHODS 


Ram semen was obtained by the method of electrical ejaculation as described by Gunn (1936); 
bull semen was obtained in the usual course of collection by artificial vagina for artificial insemina- 
tion at the Glenfield Veterinary Research Station, N.S.W., and human semen was provided by 
the Sterility Clinic at the Crown Street Hospital for Women, Sydney. Only apparently normal 
specimens of good motility were employed, and were used always as single ejaculates. 

The tests were made at room temperature (up to 32° C.) as‘described by Erimens (1947) with up 
to forty tubes per ejaculate. A dilution of less than 5 million cells per 0.0. was avoided, so that the 
dilution phenomenon as described by Emmens & Swyer (1948) was\ not in question. Motility in- 
dices, used.as unit observation in the analysis, were computed by adding together the motility 
scores (cf. Emmens, 1947) at }, 1}, 2},4 and 5} hr. from the start of each test. Full motility is 


_ scored as 4, complete immotility as zero, but in presenting results the actual scores are multiplied 


by 4, since quarter-grades were frequently used. 
1, Composition of diluents 
Relative tonicity (0-9% NaCl=100) at nominal pH 


Glucose NaCl 
Diluent (%) (%) 4-2 5-5 10 9-7 
0-0 46 43 46 44 43 
F 1-7 0-38 88 85 88 86 85 
G 1:7 0-76 130 127 130 
1-7 1-14 172 169 172 170, «160 
ae 0-83 0-14 46 43 46 44 43 
J 3-08 0-14 88 85 88 86 85 
 K 5-33 0-14 130 127 130 128 127 
K’ 7-58 0-14 172 169 172 170 169 


F and J are termed ‘isotonic’ in the text. 
Details of the diluents used in the tests are given in Table 1. These were all glucose and sodium 


_ chloride mixtures buffered with citric acid and disodium phosphate, sodium phosphates or bi- 


carbonate-carbonate mixtures. The relative tonicity was calculated on the assumption that all 
electrolytes present were completely dissociated, and it will be seen that the ‘isotonic’ media were, in 
fact, of rather lower tonicity than physiological saline. The content of 0-1 m. buffers was 17c.c./100¢.c. 
in all diluents. The tonicity of any one diluent varies slightly from pH to pH because of changes in 
ionic composition, but the unit difference in tonicity between diluents is the same, 42, at all pH 
levels. Citric acid-phosphate buffer was used for any pH below 5, phosphate buffers for pH 5-8, 
bicarbonate-carbonate buffers for a pH above 8. Previous tests (Emmens, 1947; and below) 
showed that these buffers are about equally innocuous to spermatozoa. As in earlier tests, the 
actual pH of suspensions as checked by the glass electrode sometimes differed from the intended pH, 
although it held constant during the 54-6 hr. of the test. The extent of this variation is noted in 
the tables. . 
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All teste were factorially designed. Four or five different ejaculates (replications) were used © 4 
within each species, each being partitioned in a separate experiment between tubes representing all : 
possible combinations of the factors investigated. Teste with the bull employed five pH levels; 
with the ram one level had to be discarded owing to our inability to keep the lowest pH within a 
reasonable range, and data here presented therefore cover four levels. Teste of human semen were | 
also restricted to four pH levels, but later were extended non-factorially to a rather higher pH of 
9-6 approx. The lowest pH used with the other species (4-2 approx.) immobilizes human sperma- 
tozoa immediately. 

At each pH, the eight diluents of Table 1 were always used, 80 that at four tonicity levels the 
effect of substituting sodium chloride for partof the glucose could be examined. Analyses of variance 
using the motility index as described by Emmens (1948) are presented in summary form, only the 
error mean square (residual variance) and variance ratios being shown for each series of analyses, 
with asterisks to indicate significant differences in motility. : 

The results with the eight types of diluent have been examined according to the following 


scheme: 

ee “ of +1. 0 0 0 -] 0 0 0 
ypotonic 
ee ent of glucose 0 +1 0 0 0 -l 0 0 
by NaCl, approx. isotonic ‘ 
t 


0 0 0 -1 


‘The first four factors are of direct interest, measuring the effect of substituting sodium chloride 
_ for glucose at various osmotic pressures; the remainder, combined for presentation in the tables, 
are those measuring the suitability of fitting a straight line, single or double curve to the four mean 
motilities at the different osmotic pressures. These data are not considered in detail in the present _ 


paper. 
| RESULTS 
... Citric acid-disodium phosphate as a buffer. To obtain a stable pH of about 4 a 
citric acid/disodium phosphate buffer was used. The motility of bull sperma- 
tozoa was not significantly different in this buffer system from that in phosphate 
buffer alone over a range from pH 5-3 to 7-0, and it was assumed that it forms 
one of the series of buffers which do not affect motility except by virtue of the 
pH level produced. The tests are shown in Table 2, and were made with four 
different ejaculates at three pH levels. An analysis of variance to detect any 
difference between buffers is clearly unnecessary. 
TaBLE 2. Motility indices ( x4) for test of the suitability of citric acid/phosphate as 
compared with phosphate buffers with bull spermatozoa in vitro , 
pH 5:3-6-7 pH6O-G1 pH 68-70 
Ejaculates... 1 2 8 4 Total 1 2 & 4 Total 1 2 8 4 Total Totals [ 
Citric acid 32 41 44 50 167 40 45 47 58 190 49 53 55 60 217 6574 
29 42 41 54 166 40 50 45 59 194 51 658 55 62 221 6581 ( 


8 
q by NaCl, hypertonic 1 te 
mt of glucose 0 0 +i 0 0 0 
a Curve fitting: regression -—3 -1 +1 +3 -3 -1 +1 +3 ¢ 
4 +1 -1 -1 +1 +1 -1 -1 +1 
4 double curvature -1 +3 -3 +i -1 +3 -3 +1 
1 
q 
: 
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TaBLE 5. Motility indices (total x 4) for the test of the influence of sodium chloride and glucose concentrations, 


pH and different ejaculates on the motility of human spermatozoa in viiro 
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Tanun 6, Motility indices ( x4) for the supplementary test of the influence of sodium chloride and 
sa 


8-4-9:2 9-6 
 ‘Diluent Total 3 Total 
G(hypertonic) 55 67 55 68 2320 16 19 8 107 
(hypertonic) 48 28 59 1 94 
H(hypotonic) 10 4 4 17 24 
57 8S 6 28 2 10 
K (hypertonic) 55 58 565 61 229 43 2 19 48 130 
K’ (hypertonic) 48 47 51 58 204. 37 18 22 44 121 
264 


Total ... 335 311 304 392 1342 258 113131 


Summary of results. Tables 3, 4, 5 and 6 list the results of all replications of 
the tests with the ram, bull and human respectively. Table 7 is a summary of 
the analyses of variance, omitting sums of squares and mean squares. As 
with the rabbit (Emmens, 1948), various highly significant interactions occur 


_ between pH and ejaculates or diluents, or between ejaculates and diluents. 


This means that, as was anticipated, the results must be examined separately 
at each pH. The residual variances for the different species are of ‘the same 


_ order and similar to those found with the rabbit, indicating similar degrees of 


accuracy in all tests. Analyses at different pH levels are presented in summary 
form in Tables 8, 9 and 10. 

Ram (Tables 3 and 8). The spermatozoa of the ram n show an optimal motility ~ 
at about pH 7, and do not distinguish with any high significance between 
differences ‘in glucose and sodium chloride except at pH 9-4-9-8, as in the 
rabbit. The single ‘significant’ difference in motility in hypotonic media 
(E and H) at pH 8-3-8-9 is possibly fortuitous, as the probability of its being 


TaBLz 7, Summary of results of analyses of variance for the data of Tables 3-5. The actual 


value of the residual variance is given in italics for each species in the v.8. (variance ratio) 


column 
| Variance ratios 
Ram Bull Human 
D.F.* D.F. v.R. 
E 3 13 4 erat 3 52-57 
4 787- 3 115- 
uenta 7 59-5t 7 7 73- 
Interactions | 
te/pH 9 6-1f 16 8-2t 9 
vent 06 28 21 4: 
Diluent/p & 5ST 28 14-7f ZI 1:3 
ual 


* Degrees of freedom. P<0-05. 


| 


| | 
| 
| 
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TaBLn 8. Summary of analyses of variance at each pH for the ram. The actual residual 
variance is shown in italics at the foot of each column 


Variance ratios at pH 
Source of variation vr 6458 67-71 8889 9498 
Diluente: 
Glucose v. NaCl (hypotonic) 1 0-0 0-8 5-3* 0-1 
Glucose NaCl (isotonic) 1 0-7 1-8 0-0 0-0 
f{ Glucose v. NaCl (hypertonic 1) l 0-1 1-1 0-0 9: 
: Glucose v. NaCl (hypertonic 2) 1 0-4 0-8 2-9 cif 
Curve fitting 3 53- 
E 3 13- 6- 4:5 3-9* 
Residual 21 52-0 28-0 41-3 15-9 
* P<0-06 t P<0-01. 
, Taste 9, Summary of analyses of variance at each pH for the bull. The actual residual 
variance is shown in italics at the foot of each column 
Variance ratios at pH > 
Source of variation DF. 4246 53-59 6470 8488 91-08 
Diluents: | 
Glucose v. NaCl ) 1 0-0 0-0 1 # £00 1-0 
Glucose v. NaCl (isotonic eae | 0-7 0-7 2-1 1-1 4-8* 
Glucose v. NaCl (hypertonic 1) 1 3-3 0-3 0-2 0-6 2-2 
Glucose v. NaCl (hypertonic 2) 1 Ol: 3-9 
Curve fi fitting 3 21-4¢ ~ 80-6f 69-5 
Ejaculates 4 17 10 


*P<005. t P<0-01. 


TaBxE 10, Summary of analyses of variance at each pH level for man. The actual residual 
: variance is shown in italics at the foot of each column 


Variance ratios at pH 
Soures of variation px. 07-18 8487 99-05 8403. 96 

Diluents: 

Glucose v. NaCl (hypotonic) 1 0-0 0-9 1-2 0-3 0-2 0-1 
~ G@lucose v. NaCl ( ) 1 21 0-0 OL 0-1 0-0 

Glucose v. NaCl (hypertonic 1) 1 0-2 0-1 0-0 0-0 0-0 31 

Glucose v. NaCl (hypertonic 2) 1 0-5 0-4 0-1 0-0 83t  43* 

fitting 3 2 426 161f 1 60-7¢ 

Ejaculates 3 34* 46% 43* 164¢ 68f 38-1. 
Residual 21 676 650 639 879 289 218 


*P<00. ft P<00l. 


judged as significant by accident at the 5% level when sixteen variance ratios: 
are being considered in the test of glucose v. sodium chloride is quite high. The 
coincidence of two highly significant figures in both sets of hypertonic media at 
pH 9-4-9-8 is quite a different matter, however, and it can be regarded as proven 
that the ram and rabbit are alike in possessing spermatozoa which are less 
motile in the higher ranges of pH and tonicity when a high proportion of sodium 
chloride is present. | 
In some other respects ram and rabbit spermatozoa are not alike. Although 
both have about the same optimal motility at pH 7, ram spermatozoa are more 
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tolerant of acid conditions than those of the rabbit and less tolerant of alkaline 
conditions. In addition, they do not exhibit the same interaction between 
responses to pH and osmotic pressure, which in the rabbit results in hypo- 
tonicity being more deleterious at a low pH than at high pH. In the ram, it 
is more consistently deleterious at all pH levels (Fig. 1). 


OL 

85 125 1650s OS 125 165 BS «125 165 45 85 125 165 
pHS4-58 pH67-74 pH 83-89 pH 94-98 
Relative tonicity (isotonic=100) 


Fig. 1. The interaction of pH, osmotio pressure, and electrolyte content of diluents on the motility 
of ram spermatozoa. The meafi indices of motility (see text) are taken from Table3. @——®, 
constant percentage of glucose, varying percentage of sodium chloride; + +, constant 
percentage of sodium chloride, varying percentage of glucose. 


Bull (Tables 4 and 9). Bull spermatozoa also have an optimal pH of about 7, 
but a very wide tolerance so that they are not much affected in motility between 
pH 5-5 and 8-5. They distinguish little between the relative amounts of glucose 
and sodium chloride present, not even showing the effect of alkalinity with 
certainty. However, at pH 9-1—9-8 in isotonic media they are significantly less 
motile in an excess of sodium chloride, and less motile, but not quite signifi- 
cantly so, at hypertonic levels. They also show the same effect in hypertonic 
media at pH 4-2-4:6, again with no high significance. It may therefore be con- 
cluded that they resemble the ram and rabbit in their reaction to the higher pH 
and tonicity levels, and that, as remarked above for the ram, the odd ‘signifi- 
cant’ result at an acid pH may be fortuitous. 

The reactions of bull spermatozoa to osmotic pressure at different pH levels 
are like those of the ram, and unlike those of the rabbit (Fig. 2). 

Man (Tables 5, 6 and 10), Human spermatozoa are most motile at a pH of 
about 8-5, but are not much affected in this 6-hr: test in media with pH values 
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down to 67. They showed no differentiation between sodium chloride and 
glucose under any of the factorial test conditions, which did not, however, 
range far enough on the alkaline side in relation to the optimal pH for motility 
for it to be certain that no differentiation can occur. Additional tests were 
therefore made with diluents at pH 9-5-10-0, when it was found that a sharp 
fall in motility occurs at about pH 9-7. Four supplementary tests (Table 6), 
carefully adjusted to pH 9-6, showed a differentiation between glucose and 
sodium chloride of the type seen in other species. A highly significant difference 
occurs between the two isotonic media, while the same trend is seen in both 


hypertonic groups, although failing to achieve significance at the 5% level in 


= 
o 


Mean index of motility 


45 85 125165 45 85 125165 45 85 125165 45. 85 125 165 45 85 125 165 


pH 42-46 pH53-59 pH64-70 pH84+88 pH?1-98 
Relative tonicity (isotonic=100) 

Fig. 2. The interaction of pH, osmotic pressure and electrolyte content of diluents on the motility 
of bull spermatozoa. The mean indices of motility (see text) are taken from Table 4. @——@, 
constant percentage of glucose, varying percentage of sodium chloride; +——-+, constant 
percentage of sodium chloride, varying percentage of glucose. 


Simultaneous tests at pH 8-5, intended to check the results at the higher pH, 
also showed, on this occasion, a significant difference at the highest tonicity and 
did not agree completely with the previous test at that pH, mainly in having 
lower mean squares for error. Since all of this material was obtained from a 
sterility clinic it is possible that the semen samples showed greater variability 
from time to time than would be expected with normal domestic animals, 
although apparently normal samples were used exclusively in the tests. 

Human spermatozoa resemble the other species here examined and differ 
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at different pH levels (Fig. 3). 
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from those of the rabbit in their general reaction to osmotic pressare nna 


1S} 
lal 
i si 
45 85 125 165 45 85 125165 45 @5 125 165 45 8S 125 165 45 85 125 165 
pH 5:7-63 pH67-72  pH62-87 pH92-95 pH 96 
Relative tonicity (isotonic=100) 


Fig. 3. The interaction of pH, osmotic pressure and electrolyte content of diluents on the motility 
of human spermatozoa. The mean indices of motility (see text) are taken from Tables 5 and 6. 
@——®, constant percentage of glucose, varying percentage of sodium chloride; +——- +, 


constant percentage of sodium chloride, varying percentage of glucose. 


Tables 11, 12 and 13 give the motilities in the $-hr. and 54-hr. tests, and may 
be compared with similar tables (Tables 12 and 13) in a previous paper by 
Emmens (1948). Rabbit spermatozoa were there shown to maintain better 
motility in hypertonic glucose than in the presence of a relative excess of 
sodium chloride, although the initial motility was sometimes lower. The same 
effect is seen in all three species examined at the highest osmotic pressure at 
pH 8-5-8-7, and general characteristic of 


mammalian spermatozoa. 


TaBie 11. Mean }-hr. and 5}-hr. motility indices for the four replications in the test of 


siecle cou The }-hr. index is given first in each cell of the table 


pH of suspension 
5-4-5°8 67-71 83-89 9-498 
04,04 14,06 06,02 03, 
0-8, 0-1 15,08 14,05 06, 
29,18 31,24 23,16 Jl, 
26,18 28,23 22,13 #141, 
31,25 24,20 0-8, 
29,20 26,24 23,21 1:8, 
28,13 26,19 23,13 0-7, 
2-5, 1-8 2-0, 18. 1-4, 


2 
} 
{ 
| 
| 
a 
| 
| 
| 
Glucose 
| Diluent % 
4 H, 
A hypotonic 0-83 
E, hypotonic 1-7 
F, isotonic 1-7 
J, isotonic 3-1 
G, Mypertonic 1-7 
hypertonic 5-3 
a) G’, hypertonic 1-7 
K’, hypertonic 76 
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Taste 12. Mean }-hr, and 54-hr. motility indices for the five 
replications in the test of Table 4 (Bull) 


pH of suspension — 

Diluent (%) 42-46 5359 6470 8488 91-98 
H, hypotonic 083 02,00 13,04 18,08 11,06 ° 10,00 
E, hypotonic 03,00 16,01 17,06 13,04 11,00 
F, isotonic 17 21,00 83,24 33,24 30,20 23.00 
J, isotonic $1 18,00 31,20 30,21 2820 2206 

, hypertonic 20,00 30,24 30,24 292.0 20,00 

hypertonic 5-3 22,00 28,23 27,25 2621 19,00 
G’, hypertonic 7 13,00 26,18 2418 23,13 10,00. 
K’, hypertonic 76 2418 20,19 20,19 15,00 

Taste 13. Mean }-br. and 5}-hr. motility indices for the four 
| replications in the test of Table 5 (human) 
3 pH of suspension 

Diluent (%) 57-63 67-72 8287 9295 96 
H, hypotonic 083 11,00 16,06 16,06 11,04 07,00 

hypotonic 1-7 07,01 18,05 18,08 19,05 06,01 

isotonic 1-7 25,12 29,23 38,28 29,13 26,00 
J, isotonic 31 21,08 30,22 33,27 2814 29,00 
, hypertonic 1-7 19,06 28,21 33,26 29,18 28,01 — 

hypertonic 53 «88,26 29,14 29,01 
Q’, hypertonic 1-7 15,01 22,13 25,18 24,11 28,00 
K’, hypertonic 1-6 12,01 20,11 24,20 28,11 24,06 


SUMMARY 


1. The motility of ram, bull and human spermatozoa has been steadied in 
vitro, under various modifications of pH, osmotic pressure and chemical 
composition of diluents. | 

2. The glucose and sodium chloride content of the diluents have been varied 
to give tonicities ranging between that of 0-41 and 1:53°% sodium chloride. 
These diluents were buffered with citric acid-phosphate, sodium phosphates or 
sodium carbonate-bicarbonate mixtures. , | 

3. Ram and bull spermatozoa show maximum motility at about pH 7 and 
human spermatozoa at about pH 8-5. 

4, At a pH between 9-3 and 9-7 and in either hypertonic or isotonic media, 
the partial replacement of sodium chloride by glucose is favourable to motility 
in all three species. 

5. At the highest osmotic pressure and at pH 8-5-8-7 motility is maintained 
better in hypertonic glucose containing 0-14% of sodium chloride than at a 
similar tonicity in the presence of a higher concentration of sodium chlorice, 
although the initial motility may be lower. eG 

6. Under all conditions in the species examined, the hypotonic diluents 
employed were more deleterious to motility than the hypertonic diluents. 


We are indebted to Professor R. M. C. Gunn and Mr C. 8. Sapsford for collecting the ram semen; 
to the Glenfield Veterinary Research Station for bull semen; and to the Sterility Clinic, The 
Women’s Hospital, Crown Street, Sydney, for the supply of human semen. 
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CAROTID SINUS REFLEXES AND CARDIAC OUTPUT 
IN DOGS 


‘Br R. A. KENNEY anp E. NEIL 
From the Department of Physiology, School of Medicine, Leeds 
anD A. SCHWEITZER 
From the Department of Physiology, University College, London 
| ? (Received 12 August 1950) 
There is no agreement in the literature about the influence of the carotid sinus 
nerves and aortic nerves on cardiac output; this is perhaps surprising in view 
of the central position cardiac’output changes must assume in any general ' 


discussion of the reflex regulation of cardiovascular function. 
Tigerstedt (1908), while stimulating the central end of the aortic nerve in 


_ rabbits with both vagi cut and with the stellate ganglia excised, found from 


aortic stromuhr measurements that the output of the ventricle may be in- 
creased during the phase of intense peripheral vasodilatation. He noticed that 
there was an increase in venous return and considered this factor to be re- 
sponsible for the increase of cardiac output during this stage. 

_ Jarisch & Ludwig (1926), using a cardiometer, observed a decrease in cardiac 
volume in six, no change in thirty, and an increase (maximum of 20%) in 
thirty-nine stimulations of the aortic nerve in nine rabbits. Similar results were — 
obtained by the same authors when they stimulated the carotid sinus nerves. 

Riml (1929), applying the Fick principle to oxygen consumption in rabbits, 
found that occlusion of both common carotid arteries produced either an in- 
crease or a decrease in cardiac output. 

Heymans, Bouckaert & Dautrebande (1931), applying the Fick principle to 
CO, production, observed a rise of cardiac output on occlusion of the common 
carotid arteries in dogs. They found, however, a fall of cardiac output when 
using a cardiometer or when calculating the output ve to the formula 


of Liljestrand & Zander 
Pulse pressure x heart rate ). 


(cardiac cid ue” ean arterial blood pressure 
Gollwitzer-Meier & Schulte (1931) obtained variable results in dogs on 
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raising the carotid sinus pressure, cardiac output changes being studied by 
cardiometric technique. 

Holt, Rashkind, Bernstein & Greisen (1946), employing Stewart's (1921) 
method, found an average reduction of cardiac output of 7% when they 
stimulated the carotid sinus nerve in dogs. | 

Charlier & Philippot (1947), applying the Fick sictnatcle to oxygen consump- 
tion, reported that occlusion of the common carotid arteries increased the 
cardiac output, right auricular and ventricular pressure and cardiac work. The 
increase in cardiac output was directly related to the increase in right auricular 
pressure. Similar results were recently reported by de Vleeschhouwer, Pannier & 
Delaunois (1949). 


Moe, Rennick, Capo & Marshall (1949) were unable to confirm the findings 


of Charlier & Philippot. They state that carotid occlusion caused little or no 
alteration of cardiac output. Moe et al. (1949) used the cardiometric method. 

Because of its fundamental importance it was decided to re-examine the 
problem. A summary of our findings has been previously published (Kenney, 
Neil & Schweitzer, 1949). 

METHODS 
Dogs were used, anaesthetized by chloralose (0-08-0-1 g./kg. body wt., intravenously) or by sodium 
pentobarbital (30-40 mg./kg. body wt., intraperitoneally). Respiration and oxygen usage were 
recorded in most experiments by the closed circuit method, using a spirometer of 1500 ml. capacity, 
CO, being absorbed by soda lime. An air circulating pump was used in some experiments. In three 
experiments, ventilation volume, 0, usage and CO, production were measured by the open circuit 
method (Douglas, 1911). 

Arterial blood samples were obtained from common carotid or femoral artery. Mixed venous 
blood samples were collected from the depth of the right atrium or from the ventricle by means of 
a catheter passed through the right external jugular vein. The exact position of the catheter was 
checked by post-mortem examination. Arterial and mixed venous blood samples (5 ml.) were 
usually obtained simultaneously and always at the mid-point of a determination of O,-usage 
lasting several minutes. They were taken into heavily greased glass syringes which con- 
tained 0-1 ml. of a concentrated heparin solution. A globule of mercury was then introduced 
into the syringe and the nozzle of the latter sealed with a polythene cap. The syringes were shaken 
gently and stored on ice. Ostwald pipettes of 1 ml. capacity were filled with blood from the syringes, 


which were agitated beforehand; the oxygen content of the blood was determined by the Van | 


_ Slyke manometric apparatus (Neill & Van Slyke, 1924). Duplicate estimations were made from 
each sample. 

From the .-v. oxygen differences and the simultaneous oxygen usage cardiac output was cal- 
culated according to the Fick equation. — 

Blood pressure was recorded from a femoral artery. In many experiments readings of right 
atrial pressure were obtained from a saline manometer attached to the catheter in the right heart. 
Attempts to alter cardiac output were made in three ways: (a) by occlusion of both common 
carotid arteries; (6) by alteration of the blood pressure in one or both carotid sinuses which were 
isolated from the systemic circulation, and perfused by means of » Dale-Schuster or Hemingway 
(1933) pump; (c) by stimulation of a carotid sinus nerve using a rectangular wave electronic 
stimulator as described in a previous communication (Neil, Redwood & Schweitzer, 1949). 

In the perfusion ‘experiments blood in the perfusion iystemi was equilibrated with gas phase 
consisting of 95% oxygen and 5% carbon dioxide. Heparin was injected intravenously 
o— body wt.) in all experiments. 


AQ 
? 
4 
4 
34 
a 
‘ 
id 
ve 
a 
> 
4, 
\4 


Exp. 


1(N) 


2(N) 


4(N) 


CAROTID SINUS AND CARDIAC OUTPUT | 


RESULTS 


Experiments were performed on five dogs in which oxygen usage was deter- 
mined by closed circuit spirometry. The results are presented in Table 1. There 
was no significant change in cardiac output during bilateral carotid occlusion 
-in two experiments (1 and 2). Exp. 3 showed a fall in cardiac output of 
approximately 11:5%. In Exp. 4 carotid occlusion apparently caused a rise 


Tasie 1, Effect of bilateral carotid occlusion on cardiac output in dogs 


content 


11:3 


100 ml. av. Ox usage 


/min.) 

83 
5-4 83 
5-5 83 
5-4 83 
56 16 
58 16 
5-8 76 
76 
Both vagi cut 
6-4 86 
6-2 86 
6-2 86 
6-2 86 
7-4 70 
8:3 70 
83 70 
T1 70 
Both cut 
70 70 
70 68 
8-0 68 
72 68 
4-1 84 
100 
4:3 100 
4-0 97 
4-2 97 
92 


Heart B.P. output 
rate/min. (mm. Hg) (ml./min.) 

176 130 1540 
198 160 1540 
192 160 1510 
180 130 1540 
180 140 1355 
198 180 1310 
204 170 1310 
180 135 1310 
240 145 1340 
234 190 1390 
240 180 =—s«1390 
238 140 1390 
156 140 950 
186 200 840 
192 190 840 
176 140 990 
176 150 1000 
184 170 970 
192 170 850 
162 120 945 
196 155 2050 
226 230 2440 
230 2330 
200 155 2420 
200 155 2300 

2300 


"Conditions 


| 
185 Control 
18-4 13-0 trol 
— 15:8 ws occluded 
21-6 15-8 ntrol a 
19-9 135 Control 
19-8 13-6 ntrol 
19-4 12-0 Control le 
ntrol 
8(N) 
19-2 12-0 Control 
175 13-4 Control 
18-0 13-9 Carotide 
179 13-9 
14-3 3-6 100 216-280-274). 
17-7 14-0 3-7 100 200 145 2700 ntrol oe 
175 140 . 36 92 200 145 2630 Control | 4 
2146 175 4-1 100 170 150 2440 Control 
21-4 16-9 45 100 156 210 2220 Carotids 
5 215 16-7 45 n 
16-35 4-9 100 143 200 (ah Carotids 
21-25 ‘16-65 4-6 100 144 210 2170 (b)§ occluded ia 
17-15 4:1 96 153 150 2340 Control 
21-6 17-4 4-2 118 168 145 2820 Control oH 
216 17:2 4-4 1 
21-9 17-6 4:3 124 
6(N) 137 21.2 17-2 4-0 115 180 140 2880 
21-0 16-4 4-6 127 180 140 2760 Control a 
21:8 170 42 112 192 190 2670 
21-1 169 4-2 103 190 135 2460 Control i 
(N)=Animal under nembutal anaesthesia. 
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in cardiac output of the order of 20% over the original value, but after the 
release of occlusion the. cardiac output did not return to the initial figure. 
Repetition of carotid occlusion again increased cardiac output by about 15% 
(second sample), but once more the release of occlusion did not restore the 
original value of cardiac output. In Exp. 5 two results were obtained in suc- 
cessive carotid occlusion experiments. (a) There was an apparent reduction 
of cardiac output by 10%. The control estimation, however, showed no change 
in cardiac output after release of the carotid clamps. (5) In a second experiment, 
where both carotids were occluded, there occurred a further fall in cardiac 
output of about 10%. In this instance release of the carotid arteries increased 
cardiac output to a level which was greater than that observed immediately 
before the second occlusion. Sectioning of both vagi (Exps. 2 and 3) did not 
materially alter the effects of carotid occlusion on the cardiac output. 

In every experiment carotid occlusion raised the mean right atrial pressure. 
This rise in atrial pressure was of the order of 0-5 cm. H,O and was unrelated 
to the effect of carotid occlusion gn cardiac output. ° ot 

The results of these experiments are not in agreement with those of Charlier & 
Philippot (1947) who claimed that cardiac output invariably increased during 
carotid occlusion. These authors employed the open-circuit method, of deter- 
mination of oxygen usage; their animals, therefore, inspired room air. In our 
experiments, pure oxygen was inspired. This difference of oxygen tension in 


inspired air might be of importance, as carotid occlusion affects carotid chemo- 
receptor discharge as well as baroreceptor stimulation (Euler & Liljestrand, | 


1943). The discrepancy between our results and those of Charlier & Philippot 
might be due to a difference in the degree of chemoreceptor stimulation arising 
from the experimental circumstances. Three experiments were therefore 
performed in which the oxygen usage of the animals was determined by the 
open-circuit method, the animals breathing air. Exp. 6 is representative of 
this series; bilateral carotid occlusion did not materially affect cardiac output. 
Variations in cardiac output which were obtained upon carotid occlusion were 
no greater than those found with repeated sampling during control conditions. 


Effect of raised intrasinusal pressure on cardiac output 

Experiments were performed in which one carotid sinus, isolated from the 
systemic circulation, was perfused. In some of the experiments the opposite 
sinus nerve was cut. In one experiment both isolated carotid sinuses were 
perfused. In most cases bilateral vagotomy was performed during the course 
of the experiments. Fig. 1 is representative of the effects of raising the sinus 
pressure on one side. The results obtained are shown in Table 2. They show, with 
one exception, that no significant change in cardiac output occurred during the 
period of increased intrasinusal pressure in animals with intact vagi. It is clear 
that the small variations in cardiac output which were recorded fell within the 
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range of spontaneous variations of cardiac output and cannot be attributed to 
effects of carotid baroreceptor stimulation. In only one instance (Exp. 15) 
was a noteworthy fall of cardiac output obtained by raising the intrasinusal 
pressure. In most experiments bilateral vagotomy did not materially affect the 
results of raising intrasinusal pressure, but in Exps. 9 and 15 a significant 
decrease of cardiac output was obtained after section of the vagi. This decrease 
in cardiac output was 10 and 20% respectively. After bilateral vagotomy 
difficulty was occasionally experienced in assessing the 0, usage during the 
initial effects of raised intrasinusal pressure because of prolonged reflex 
apnoea, followed by hyperventilation (e.g. Exp. 11). - 


2 00 


10, usage=96 mi./min. 
A.V, 


Sec 


perfusion pressure, respiration and O, usage by closed circuit spirometry, signal marker and 
time in 5 sec. During a period of raised perfusion pressure, samples of arterial and mixed — 
venous blood were simultaneously withdrawn at mark ‘a.v.., ©. | 


- Effect of electrical stimulation of the carotid sinus nerve on cardiac output 

Two representative experiments are shown in Table 3 (Exps. 16 and 17). In 
neither case was a significant change in cardiac output observed which, in 
animals with vagi intact, could be attributed to effects of stimulation of the 


carotid sinus nerve. In none of these experiments, with the type of stimulation 
used, was any marked cardiac slowing observed. After double vagotomy a fall © 


- in cardiac output of approximately 20% occurred during the period of nerve 


stimulation in one of these animals (Exp. 17). 


DISCUSSION 
In only one of our experiments did any significant change of cardiac output 
occur as a result of our procedures. 
Conflicting results in the literature, summarized in the Introduction, may be 
classified and compared according to the various techniques. 
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11-75 


10-75 


21-0 


BRe eee2 


Sake 


Heart 
.) rate/min. (mm. 
182 160 
168 90 
168 100 
168 100 
186 140 
192 80 
138: 
132 30 
186 90 
180 
150 110 
162 130 
192 180 
172 150 
176 50 
166 50 
180 180 
164 185 
148 105 
158 180 
140 110 
156 . 175 
168 165 
162 90 
168 180 
160 175 
156 180 
126 95 
138 135 
156 185 - 
172 195 
166 105 
170 115 
178 200 
130 135 
118 150 
88 80 
126 145 
120 145 
110 60 
126 150 
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TABLE 2. Effects of increased perfusion preasure of the isolated carotid sinus on cardiac output in dogs 


‘Hg) (ml./min.) 


Control 


13 (C 


15 (( 


TaB 


a 
a 8) 
Exp. ( | Exp 
1 
20-5 164 44 1635 perfusion 
20-5 16-4 4:1 1660 
tr 41 1560 (a), Raised | 
164 41 1560 perfusion 
E 205 165 4-0 1600 Control 
g 24:3 13-1 112 1120 Control 
4 fusion pressure 
24-2 12-9 113 118 1050 Control 
t 
13-2 110 112 1020 | 
24-2 13-1 11-1 112 1010 Control | 
22-6 16-1 6-5 225 Control 
16-7 59 200 Based 
j 22-6 168 215 (0) 
63 215 Control 
6 1 ntrol 
Control 
{ 18-4 13-4 Control 
184 14-4 Raised per- 
4 fusion pressure 
4 13-5 Control 
13-4 Raised per- 
q fusion pressure = 
4 18-0 12:3 57 119 Control 
12-2 120 per- | 
on pressure 
4 179 12-2 57 117 Control E 
17-9 12-2 57 120 “Control 
: 19-4 13-9 5-5 152 Control 
3 19-4 13-5 59 168 (a)) Raised | 
19-4 12-4 70 168 perfusion 
4 ressure 16 
19-4 12:3 170 
i 11(C) 250 | Both vagi cut 
120-2 12-6 16 154 Control 
3 20-1 11:8 8:3 171 (a)\ Raised 
20-1 11:8 83 161 perfusion | 
ressure 
20-0 117 83 171 Control 
3 17-25 10-75 65 88 1 Control 
175 115 6-0 110 Control 
7 17-25 11-1 6-15 97 1570 Raised per- 
4 fusion pressure 
q 17-0 11-0 6-0 91 1510 Control” 
4 Both vagi cut 
: 176 11-2 6-4 105 1640 Control 
17-4 11-0 6-4 ? ? Raised per- 
fusion pressure 
q 17-2 11-0 6-2 110 1770 Control” 


Taste 3. Effect of electrical stimulation of the central end of the carotid sinus nerve on cardiac output in dogs 


O, content 
Wo, ml (ml. O, 0, usag tput 
. (mi. usage ou 
blood) blood) diff, (mi-/min.) (ml./min.) Conditions 
+215 16-5 5-0 82 1640 Control 
16-7 4-7 18 1660 (a)) L. carotid sinus 
145 69 1450 b)§ nerve stimulation 
21-4 15-4 6-0 87 1450 ntrol 
16 (N) 125 Both vagi cut 
21-4 6-4 80 1250 Control 
21-4 145 6-9 80 1160 (a)) L. carotid sinus 
21-4 145 80 1160 b)f nerve 
P 21-4 13-9 75 82 ntrol 
20-8 166 4-2 84 Control 
16-2 46 82 1785 (a)) L. carotid sinus 
: 16-2 4-6 82 1785 wy nerve stimulation 
16-2 46 82 1785 trol 
17(N) 120 Both vagi cut 


62 1240 
155 5:3. 80 1510 
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TABLE 2 (cont.) 
O, content 
} 
Wt. (mi (ml s-v.0, Oyu Heart BP tput 
Exp.  (kg.) blood) blood) diff. (mal. min.) rate/min. (mm. Hg) (ml./min.) Conditions 
12-5 55 1-0 97 162 165 1380 Control 
ae 55 70 100 126 95 1430 Raised 4 
12-65 545 100 168 160 1370 Control 
12-8 6-25 6-55 99 164 170 1500 Control a 
13(C) 145 12-75 5-15 10 99 134 100 1410 Raised per- 
a 515 10) 99 168 165 1410 Control 
12:8 58 70 105 176 165 1500 Control 
5-7 100 152 105 1410 Raised per- 
fusion pressure 
4 16-4 41 95 182 2320 Control 
16-5 4-0 96 148 100 2400 Raised per- “3 
fusion 
| 16-1 43 98 178 220 2280 Control 
167 44 95 150 —«-:2160 ais per- 
on pressure 
16-0 4-4 965 190 2190 Control 
158 46 935 156 115 2030 Raised per- 
fusion pressure 
15-35 4-65 930 184 195 2000 Control 
3 ; 15-4 56 61 176 190 1080 Control 
6 60 630 (a) Raised 
15-25 49 60 168 140 1200 (b)§ perfusion 
| 145 5-5 60 174 200 Conttro 
15(C) 130 Both vagi cut Interval 40 min. ; 
tang 21-0 11-1 9-9 63 188 160 635 Control i 
ac 116 60 80 520 Raised per- 
0 112 9-8 63 196 640. Control. 
Antena tender chiotalces anaesthesia. 
» = Animal under nembutal anaesthesia. 4 


| 
4 
¥ 
20-7 . 4-9 62 1265 (a)) L, carotid sinus “a 
20-8 (6)§ nerve stimulation 4 
20-8 Control 
a 
(N) =Animal under nembutal anaesthesia. a 
PH, CXIVv. 3 
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(1) Methods employing the Stewart technique. Holt et al. (1946), using the dye 
T1824, found that stimulation of the carotid jsinus nerve trunk caused an 
average fall in cardiac output of 7% (range — 23 to + 34% in six experiments). 

(2) Methods employing stromuhr or cardiometric measurement. Tigerstedt 
(1908), Jarisch & Ludwig (1926), Gollwitzer-Meier & Schulte{1931), Moe et al. 
(1948) used one or other of these methods. 

It is difficult to compare the results of these latter experiments with those 
obtained by methods which do not entail opening the animal’s chest. The heart 
output in these cardiometric experiments is always far below that determined 


by the Fick method. The same criticism may therefore be levelled at the inter- 


pretations of results obtained with the cardiometer, as has been directed by _ 
Stead & Warren (1947) at interpretations based on results obtained by use of 
the heart-lung preparation. 

(3) Methods employing the Fick principle. These have been reviewed by 
Charlier & Philippot (1947). 

We are in agreement with their criticisms of the findings of Heymans et al. 
(1931) who used the rate of production of CO, and the v.-a. CO, difference 
in the Fick equation. Charlier & Philippot stressed the need for obtaining 
control cardiac output results which are of the order of 150-160 ml. output/kg. 
body wt.; it is perhaps more convenient to express cardiac output in terms of 
‘cardiac index’, ]./min./sq.m. (Grollman, 1932). 

In Table 4 are shown the results from a number of determinations by 
different authors of the cardiac index of dogs. Wiggers (1944) used a modifica- 
tion of the Stewart technique for cardiac output estimations. Hemingway & | 
Neil (1945; unpubl.) gave the results of cardiac output determinations by the 
direct Fick method in 18 dogs. These experimental results are compared in 
Table 4 with those of Charlier & Philippot (1947), of de Vieeschhouwer et al. (1949) 
and of the present series. The figures of the present series are calculated from 
the control determinations of cardiac output. 


TaBLE 4. Cardiac index in dogs 


Mean cardiac 
No.of Dog index 

Source exps. (wt./kg.)  (1./sq.m./min.) 
Wiggers (1944) 42 - 10-31 2-81 
Hemingway & Neil (1945) 18 6-25 2-66 
Charlier & Philippot (1947) 1 aes 6-23 3-06 
de Vieeschhouwer ef al. (1949) 20 7-35 1-54 
Present series 18 7-25 2-88 


This analysis suggests that the results of de Vieeschhouwer et al. (1949) are 
liable to the same criticism accorded to those obtained with the cardiometer. 
Otherwise there is good agreement. Nevertheless, despite the similarity 
between the mean cardiac index obtained by Charlier & Philippot and by us, 
further analysis shows differences between the experimental conditions of the 


: animals (Table 5). 
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The mean pulmonary ventilation volume obtained in our experiments is in 
agreement with that calculated from results of Eckenhoff, Hafkenschiel, 
Foltz & Driver (1948), in which a mean pulmonary ventilation volume (1./kg. 
body wt.) of 0-10 was obtained in control conditions in eleven anaesthetized 
dogs. It would appear that Charlier & Philippot’s animals were overbreathing. 
This is further substantiated by the mean percentage of (O, in the expired air 
of 2:55%, caloulated from the, values these authors give. In view of the 
respiratory overactivity, it is difficult to understand why the oxygen usage of 


Tasxx 5. Ventilation volume and oxygen usage 


Mean pulm 
ventilation Mean OQ, usage Mean a..-v. O, diff. 
Source (L./kg. body wt.) (ml./kg. body wt.)  (ml./100 ml.) 
Charlier & Philippot 0-23 5-37 3-40 
Present series 0-10 7:30 5-40 


their animals should be so low. Hemingway & Neil (1945, unpubl.) obtained 


a mean QO, usage of 7:54 ml. O,/kg. body wt. In their experiments animals 
under nembutal and chloralose anaesthesia were used, and O, usage was 
determined by means of closed circuit spirometry, the animals breathing 
pure Q,. In 15 of our animals these conditions were also observed, whereas 
Charlier & Philippot employed the open circuit method, the animals breathing 
room air. Though it is possible that displacement of the spirometer (1500 ml. 
capacity) entailed a greater respiratory effort and hence a larger O, usage, one 
would expect the pulmonary ventilation volume to be greater with the 


spirometer, which is not the case. It must be admitted, however, that the 


breathing of pure O, tends to diminish the pulmonary ventilation volume by 


lessening the carotid chemoreceptor drive to the respiratory centre (Kuler & 
Liljestrand, 1942). 

Results of carotid occlusion. Charlier & Philippot record a mean rise of cardiac 
output of 54-6°% (range 17-5-77-9%) in animals with intact vagi, and a mean 
rise of 60-99% (range 41-1-85-7%) in bilaterally vagotomized dogs. We 
obtained no evidence that significant changes in cardiac output occur during 
carotid occlusion, whether the experiment is performed in dogs with intact or 
cut vagi. Analysis of the techniques employed in these two series may perhaps 
explain the disagreement in the respective findings. Thus Charlier & Philippot, 


having taken one sample of expired air during control conditions, assumed that: 


ventilation volume and 0, usage remained the same for any other ‘control’ 
period. One determination of arterial 0, content was likewise performed in the 
initial control period, and was assumed to be typical of arterial saturation 
during the period of occlusion and in the post-occlusion control period. It is 
possible that this latter assumption is less dangerous than the first, as the 
animals were breathing room air, and such differences as may be caused by 
increased respiratory activity would cause only very minor — the 
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-amount of O, dissolved in the blood. However, an examination of the results 


presented in this paper, shows that whereas 0, usage remains fairly steady in 
many animals over a considerable experimental period, there are several in- 
stances of a marked rise occurring during the experiment, so that the post- 
occlusion values are considerably in excess of the first control readings. But 
the main reason for the discrepancies shown in the two series of results lies in 
the great alteration in the oxygen content of the mixed venous blood which 
occurred during the period of carotid occlusion in all animals used by Charlier & 
Philippot, and which we did not observe. - 

Calculation of total peripheral resistance from the results of Charlier & 
Philippot revesls that the majority of their animals showed a fall in total 
peripheral nce during carotid occlusion. Thus, of the eight animals — 
considered in their first paper, five had a diminution of total peripheral 
resistance (31-5, 17-6, 23-3, 11-7 and 20%) and three showed a slight increase 
(1:3, 4-1 and 1-54). This is surprising in view of the vasoconstriction shown to 
occur in these circumstances by the vessels of the skin and abdominal organs 
(Heymans, 1929; Malméjac, 1934). To the reduction of flow through these areas 
must be added that due to mechanical obstruction of the carotid circulation. 
In order to explain an increase in the total blood flow per minute (cardiac 
output) one must postulate an increase of muscle blood flow sufficient not only 
to offset: but to outweigh the diminution of flow in skin and splanchnic region. 
There is, however, no evidence that carotid occlusion increases muscle blood 


flow. McDowall (1950) has recently shown the relative insensitivity of the 


muscle vessels in the skinned hind leg of the cat to reflex alteration of vaso- 
motor activity by occlusion of the common carotid arteries. Although reflex 
liberation of adrenaline may cause some vasodilatation in the muscles and the 
increased activity of sympathetic vasodilator nerves may contribute to this 
dilatation (Biilbring & Burn, 1935), the action of nor-adrenaline (Folkow & 


_ Uvniis, 1949) and of sympathetic vasoconstrictor nerves may offset these effects. 


Some increase in muscle blood flow must be postulated to explain the main- 
tenance of cardiac output in the present experiments during the period of carotid 
occlusion, but it is unlikely that it was as large as may be implied from — 
experiments of Charlier & Philippot. 

With respect to the venous side of the icoulebints there is likely to be an 
immediate but transient increase of venous return from the skin and splanchnic 
areas as blood is forced out of these regions by vasoconstriction. Similarly, 
constriction of the great veins (Gollwitzer-Meier & Schulte, 1931) drives blood 
towards the heart. This initial increase in venous return might contribute to 
the mechanism whereby the heart overcomes the increased arterial pressure. 
It represents, however, only a transitory phase, and the absolute venous return 
in the subsequent period can only be guessed. It is clear that return from the 
skin and splanchnic areas is Wiminished for the remainder of the occlusion 
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period; whether this decreage is offset by an increased return from the muscles 
is largely conjectural. The increased degree of venoconstriction which is 
sustained during carotid occlusion has two effects—causing both a diminution 


of capacity of the venous reservoir and an increase of resistance to venous flow’ 


back to the heart. 

Landis & Hortenstine (1950) have pointed out that the capacity changes in 
the venous reservoir probably have a greater effect on venous return than 
changes in resistance to flow. With this view we are in general agreement. 
However, Landis & Hortenstine quote Fleisch (1931), who ‘observed increased 
venous return to the heart when the pressure in the carotid sinus was reduced, 
and decreased venous return when pressure in the carotid sinus was increased ’. 
Fleisch (1931), however, showed only that carotid occlusion decreased flow in 
a perfused section of the colic vein in cats and dogs, and the statement, quoted 
above, is merely an unjustifiable generalization made on the basis of his 
experiments. 

The increase in right atrial pressure attendant upon carotid occlusion led 
Charlier & Philippot to argue that this represents an increased venous filling 
pressure, which is followed in turn by an increased left ventricular output as 
found in the Starling heart-lung preparation. Two criticisms may be made of 
their contentions. First, there is no evidence that the rise of right atrial 
pressure is indeed representative of an increased venous return. Right atrial 
pressure is equally dependent upon the ability of the heart to move blood from 
the venous to the arterial side. It is possible that increased resistance to left 
ventricular ejection due to the rise of systemic arterial pressure may cause back 
pressure effects upon the right side of the heart. Further, there has been much 
evidence recently which suggests that the relationship between the rate of 
venous return and right atrial pressure is not as obvious in the intact circulation 
as it is in the heart-lung preparation. Thus, Stead & Warren (1947) were unable 
to find any rise of right atrial pressure on releasing an arterio-venous shunt 


which had been temporarily occluded by external pressure, despite the fact that 


such release caused a marked rise of cardiac output. Cohen, Edholm, Howarth, 
McMichael & Sharpey-Schafer (1948), whilst finding some reduction of right 
atridl pressure on closing an arterio-venous shunt, pointed out that the reduc- 
tion of éardiac output attending such a procedure was more closely related to 
changes in cardiac rate than to, alteration of right atrial pressure. In any case, 
it seems unwise to attempt to equate changes in the minute output of the left 


ventricle directly to changes in the pressure in the right atrium. 


Effects of sinus nerve stimulation. Holt et al. (1946) determined the effect of 
carotid sinus nerve stimulation upon the cardiac output. They found a mean 
reduction of 7% in cardiac output in six experiments on four animals (range 
~23 to +34%). The mean reduction of arterial blood pressure was 46-8%. 
Despite their own experimental findings, however, they proceed to calculate 
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that 67% of the fall of blood pressure was due to a reduction of cardiac output. 
This calculation is based on changes of cardiac output determined during the 
opening of an arterio-venous shunt; they regarded the opening of an arterio- 
venous shunt as exemplifying a pure reduction of total peripheral resistance. 
By substituting cardiac output and blood pressure changes corresponding to 
the alterations of total peripheral resistance obtained in the shunt experiments, 
for alterations of total peripheral resistance calculated from the results of sinus 
nerve stimulation, they arrived at the conclusion stated above. It has to be 
emphasized, however, that an arterio-venous shunt does not merely represent 


an alteration in total peripheral resistance. There is an accompanying in- 


crease in venous return, and particularly an augmentation in the velocity of 
venous flow. It is unjustifiable to analyse haemodynamic changes occurring in 


_ one type of experiment by using results obtained in another. 


Effects of increased perfusion pressure in the isolated carotid sinus. The constancy 
of cardiac output during periods of raised intrasinusal pressure may be explained 
on the following lines. The fall of systemic pressure due to peripheral vasodilata- 
tion will reduce the resistance to systolic ejection and, provided the venous 
return be sufficient to permit it, a greater stroke volume will be attained. On 
the other hand, increased capacity of the venous reservoirs resulting from reflex 


‘vasodilatation will tend to reduce the venous return to the heart. The actual 


cardiac output per minute is therefore the resultant of these conflicting factors. 
In conditions of profound cardiac slowing due to the effects of stimulation of 
the carotid sinus nerve fibres on the cardio-inhibitory centre, there might well 
be a diminution of cardiac output. In our experiments, slowing of the heart has 
not been considerable; this is to be expected in vagotomized animals—in 
animals with intact vagi the absence of marked slowing may be related to the 
buffer effects of the aortic nerves (Winder, 1937). 

In conclusion, it may be conceded that sudden changes in sinus us baroreceptor 
stimulation may well exert transient effects on cardiac output. These are only 
capable of measurement by a technique which enables beat-to-beat deter- 


- mination of output such as that of Hamilton & Remington (1947, 1948). The 


direct Fick procedure is ill-adapted to the study of such changes. Indeed, in 
this procedure, initial sampling of mixed venous blood removed early in the 


_ period of arterial hypertension caused by carotid occlusion may show an oxygen 


content unrepresentative of that in the pulmonary artery. Shore, Holt & 
Knoefel (1945) have shown that streaming effects occur in the right atrium due 
to incomplete mixing of blood from the superior and inferior venae cavae; in 
the circumstances of carotid occlusion, veno-constrictive changes in the 
splanchnic area may well cause the return of a considerable-quantity of blood 
of low oxygen content from this region wherein it had previously stagnated. 
It must be stressed that such a contingency has been guarded against by careful 
positioning of the catheter in these experiments. Thus, in many instances, the 
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tip of the catheter has been within the cavity of the right ventricle; in no 


experiment has the camieter tip been higher than the orifice of the tricuspid _ | 


valve. 
SUMMARY 

1. Cardiac output was measured in dogs under nembutal or chloralose 
anaesthesia by applying the Fick principle to oxygen consumption. The effect 
of the following conditions on cardiac output was studied: (a) occlusion of both 
common carotid arteries, (5) electrical stimulation of the carotid sinus nerve, 
(c) pulsatile perfusion of one or both carotid sinus preparations isolated from 
the rest. of the circulation. 

2. In none of these experimental conditions was any substantial alteration 
in cardiaé output observed. Such changes as did occur could be explained on 
the basis of spontaneous variations in the state of the experimental animal: they 
could not be attributed to the immediate experimental procedures employed. 


3. Some observations and deductions made by other authors conflicting with: 


those presented in this paper are critically examined. 
4. Haemodynamic factors’ responsible for the relative stability of cardiac 
output under the experimental conditions used are discussed. 


REFERENCES 


Bilbring, E. & Burn, J. H. (1935). J. Physiol. 88, 483. 

Charlier, R. & Philippot, E. (1947). Arch. int. Pharmacodyn. 75, 90. 

Cohen,8.M., Edholm, 0.G., Howarth,S., McMichael, J. & Sharpey-Schafer, E. (1948). Clin, Sei. 7, 35. 
Douglas, C. G. (1911). J. Physiol, 42, 17P. 

Eckenhoff, J. E., Hafkenschiel, J. H., Foltz, E. L. & Driver, R. L. (1948). Amer. J. Physiol. 152, 545. 
Euler, U. S. von & Liljestrand, G. (1942). Acta physiol. Scand. 4, 34. : 

Euler, U. 8. von & Liljestrand, G. (1943). Acta physiol. Scand. 6, 319. 

Fleisch, A. (1931). Pfliig. Arch. ges. Physiol. 226, 393. 

Folkow, B. & Uvnis, B. (1949). Acta physiol. Scand. 17, 191. 

Gollwitzer-Meier, K. & Schulte, H. (1931). Pfliig. Arch. ges. Physiol, 229, 264. 

Grollman, A. (1932). The Cardiac Output in Health and Disease. Baltimore: Thomas. 

Hamilton, W. F. & Remington, J. W. (1947). Amer. J. Physiol, 148, 14. 

Hamilton, W. F. & Remington, J. W. (1948). Amer. J. Physiol. 153, 287.. 

Hemingway, A. (1933). J. Physiol. 77, 14P. 

Hemingway, A. & Neil, E. (1945). hecinatenion to the Physiological Society (Sept.). 
Heymans, C. (1929). Le Sinus Carotidien. London: Lewis. 

Heymans, ©., Bouckaert, J. J. & Dautrebande, L. (1931). Arch. int. Pharmacodyn. 40, 292. 
Holt, J. P., Rashkind, W. J., Bernstein, R. & Greisen, J. C. (1946). Amer. J. Physiol. 146, 410. 
Jarisch, A. & Ludwig, W. (1926). Arch. exp. Path. Pharmak. 114, 240. _ 

Kenney, R. A., Neil, E. & Schweitzer, A. (1949), J. Physiol. 110, 24. 

Landis, E. M. & Hortenstine, J. C. (1950). Physiol. Rev. 80, 1. 

Liljestrand, G. & Zander, E. (1928). Z. ges. exp. Med. 59, 105. 

McDowall, R. J. 8. (1950). J. Physiol. 111, 1. 

Malméjac, J. (1934). C.R. Soc. Biol., Paris, 116, 532. 

Moe, G., Rennick, B., Capo, L. & Marshall, M. (1949). Amer. J. Physiol. 157, 158. 

Neil, E., Redwood, OC. R. M. & Schweitzer, A. (1949). J. Physiol. 109, 259. 

Neill, J, M. & Van Slyke, D. D. (1924). J. biol. Chem. 61, 523. 


— 


a 
3 
t 
4 
he 
Me 
ees! 
“ 
Hix 
| 
; 
i 
wy 
Oe 
an 
i 
Cal 


tt 


40 R. A. KENNEY, E. NEIL AND A. SCH WEITZER 


Riml, 0. (1929), Arch. exp. Path. Pharmak, 189, 240. 

Shore, R., Holt, J. P. & Knoefel, P. K. (1945). Amer. J. Physiol. 148, 709. 

Stead, E. A. & Warren, J. V. (1947). Arch. intern. Med. 80,237. 

Stewart, G. N. (1921). Amer. J. Physiol. 58, 20. 

Tigerstedt, C. (1908). Skand. Arch. Physiol. 20, 300. 

Vieeschhouwer de, G. R., Pannier, R. O.R. Soc. Biol., Paris, 143, 1610, 
Wiggers, H. C, (1944). Amer. J. Physiol. 140, 519. 

Winder, ©, V. (1937). Amer. J. Physiol. 118, 379. 


« 
Ag 
’ 


41 


J. Physiol. (1951) 114, 41-55 


FURTHER OBSERVATIONS ON THE EFFECT OF 
ADRENALINE ON THE BLOOD FLOW THROUGH 
HUMAN SKELETAL MUSCLE 
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(Received 14 August 1950) 


In the human subject, Grant & Pearson (1938) found that single intravenous 
injections of adrenaline resulted in an increased blood flow in the forearm, 
which they considered mainly to represent an increased muscle blood flow. 
When, however, Holling (1939) and Allen, Barcroft & Edholm (1946) gave 
adrenaline in continuous intravenous infusions, the initial increase in blood 
flow was not maintained. Thus, Allen e al. observed that the intravenous 
infusion of 10 wg. of adrenaline per min., for 10 min., resulted in a sudden 
fivefold increase in blood flow during the first 2 min.; thereafter the flow 
. decreased to about twice the resting rate, at which level it was maintained till 
the end of the infusion. These workers considered the initial great dilatation 
to be a direct local effect, for it was observed during intra-arterial infusions. 
They thought, however, that the subsequent phase of moderate but sustained 
increase in blood flow required elucidation. 

Goldenberg, Pines, Baldwin, Greene & Roh (1948) have estimated that the 
peripheral vascular resistance in man is reduced during infusions of adrenaline. 
This may also be inferred from the earlier observations of Starr, Gamble, 
Margolies, Donal, Joseph & Eagle (1937), and McMichael & Sharpey-Schafer 
(1944), because adrenaline caused a proportionately greater increase in cardiac 
output than in the arterial blood pressure. 

It is of interest, therefore, to know to what extent a decrease in the ol ti 
of the vessels in skeletal muscle, during an infusion of adrenaline, leads to an 
increased blood flow in that tissue. Observations on the blood flow in human 
muscle, during continuous intra-vascular infusions of adrenaline, with particular 
reference to the later phase of sustained vasodilatation reported by Allen et al. 
(1946), are now presented. 


METHODS 


The subjects were all between 19 and 45 years of age, and comprised thirty healthy medical students 
and thirteen patients who hed had one or more limbs sympathectomized for Raynaud's disease 
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7), (4) or h (2). All the patients had been submitted to a vigorous heat test 
absence of vasomotor activity were included. None showed 
any evidence of occlusive vascular disease. 

Each subject first rested for at least half an hour in the laboratory, which was thermostatically 
maintained at a.constant temperature, generally between 20 and 22°C. Plethysmographs were 
fitted to the forearm or calf, according to the technique of Barcroft & Edholm (1943, 1945). The 

_ plethysmographs were filled with water maintained at a temperature of 33-35° CO. and blood flow 
was recorded usually every half minute. Blood pressure was recorded in the arm by the ordinary 
clinical sphyg ter, usually immediately after each recording of blood flow. However, in 
the upper limb experiments, as one arm was required for the intravenous infusion and the other for 
the measurement of blood flow or blood pressure, two separate infusions of adrenaline were given ; 
during the first infusion, arterial blood pressure alone was recorded and 25-30 min. later the second 

_ infusion was given while blood flow was measured. This procedure was considered justifiable on the 
grounds that in eight subjects to whom two successive infusions of adrenaline were given, at inter- 
vals of 20 min. (while arterial blood pressure was measured continuously), the arterial blood 
pressure changes during the course of the second infusion differed by less than 10 mm. Hg from 
those recorded during the first infusion. Moreover, the results were essentially similar in a number 
of experiments in which blood flow was recorded during the first infusion and arterial blood pressure 
during the second. In all the experiments observations were made during a control period of at 

least 10 min. before and after each infusion of adrenaline. : . 

Intravenous and intra-arterial infusions were carried out as described by Swan (1951), using 
local anaesthesia. When intra-brachial infusions were given to study the direct effect of adrenaline 
in the forearm, a needle was first inserted into the brachial artery just above its bifurcation, after 
which the plethysmograph was carefully drawn up the forearm as far as the needle itself. In all 

_ other experiments, blood flow measurements were started before commencing the saline infusion, 
to confirm that the actual insertion of the needle had little or no effect. 

The observations presented here were all made during the course of continuous intravenous or 
intra-arterial infusions of saline, After a control period of 20 min. the saline was replaced for 
& period of exactly 10 min. with saline containing synthetic L-adrenaline tartrate, B.D.H. in the — 
required concentration, after which the saline infusion was resumed for a further control period. 
The subjects were unaware of the time when the adrenaline was given except in so far as symptoms 
occurred during the intravenous infusions. 

The dose of adrenaline for every intravenous infusion was 10 yg./min. In the intra-arterial — 
infusions, however, a proportionately smaller dose was given. Taking into account the relative 
bulk of the tissue supplied, it was estimated that 4-} ug. into the brachial, and 1-2 yg. into the 
femoral artery, were approximately equivalent to the intravenous dose of 10 yg. The grounds on 
which this procedure was undertaken are outlined later. | 


T 


This study is confined to the later phase of the adrenaline effect, after the initial marked dilatation 
has passed off, so the results have been analysed with regard to the change occurring during the 
later period of the adrenaline infusions, in relation to the resting levels. For this purpose,ineach .. 
subject the average of the eight blood flow recordings during the last 4 min. of the adrenaline 
infusion has been compared with the average blood flow during the 4 min. immediately before the 
start of the infusion. . 

Blood flows are expressed as ml./min./100 ml. of tissue volume as obtained by water displace- 
ment. 
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RESULTS 


Intravenous infusions, normal calves. The blood flow in twelve normal calves 
during intravenous infusions of adrenaline waggstudied. Fig. 1 illustrates — 
a typical experiment in a man 38 years of age. After a latent period during 
which the adrenaline solution passes through the catheter into the circulation, _ | 
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the systolic arterial blood pressure rises sharply by about 30 mm. Hg and re- 


‘mains elevated until after the end of the infusion. The diastolic blood pressure - 


rises @ little and then falls below the resting level for the remainder of the 
infusion. In many subjects the diastolic pressure fell initially ; in every case the 
average diastolic pressure during the infusion was less than the resting level. 
The heart rate increases a little during the infusion; in some subjects a rather 
greater initial increase in rate was succeeded after 1-2 min. by restoration to 
a level slightly above the resting rate. 


(10 yg./min.) 


Blood pressure 


aE 10 20 ~ 30 
Minutes 
Fig. 1. Intravenous infusion of adrenaline, normal subject. Arterial 3.P., heart rate and calf 
_ blood flow. The hatched blocks represent (in half scale) blood flow during control and 


The blood flow in the calf increases suddenly to a peak from which it declines 


less rapidly to a level above the resting rate of 4-7 ml./100 ml./min. Thereafter 


the blood flow rises gradually; the average level during the last 4 min. of the 
infusion is 8-7 ml. In the whole group of twelve subjects, the average resting 
flow was 3°6 ml./100 ml./min. and the flow during the last 4 min. of the 
adrenaline infusions was 6-2 ml. (Table 1a). These figures differ significantly 
(t=5-46, P<0-001). The blood flow during the last 4 min. of the adrenaline 
infusions shows an average increase of 86% over the resting value. 
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During the intravenous infusions certain symptoms were consistently noted. 
The first sensation was a curious feeling of expectancy, amounting in some 
subjects to real anxiety, immediately followed By an awareness of the need 
for greater respiratory effort and an increase in depth and rate of breathing. 
About the same time a sudden increase in heart rate was noticéd, and shortly 
afterwards the subject experienced a sensation of fatigue in the back and lower 
limbs, similar to that associated with strenuous exercise. A few subjects 
complained of slight frontal headache. The skin, especially of the face, re- 
mained pale throughout the infusion after which a sudden flush associated with 
a subjective feeling of warmth was frequently observed. In about half the 
subjects some degree of coarse irregular tremor of the limbs was seen. The 
subjective symptoms diminished after the first 2-4 min. despite maintenance 
of the adrenaline infusion at the same rate. Pee 

Intravenous infusions, sympathectomized calves. Six sympathectomized limbs 
were studied while intravenous infusions were given. The response in a typical 
experiment is illustrated in Fig. 2. The subject was a young woman who had 
had all four limbs sympathectomized for Raynaud’s disease, with complete 
clinical curé. The systolic arterial blood pressure, in this case, rises from the 
resting level of 132 mm. Hg to reach the high level of 190 after the beginning 
of the infusion; it later settles at 180 mm. Hg till after the infusion, when it 
returns within a few minutes to the previous level. The diastolic pressure 
shows an average fall of about 10 mm. Hg during the infusion. The heart rate — 
rises from 60 to 102/min., thereafter varying between 70 and 84 until after the 


. Infusion. The blood flow in the calf exhibits an initial rise and rapid fall to 


a low level from which it gradually rises a little ; the average level, however, 
during the last 4 min. of the infusion is 2-6 ml./100 ml./min., compared with 


_ the resting devel of 2-9 ml. The results in the six subjects are summarized in 


Table 16. The differences between the resting levels and the blood flow during 
the last 4 min. of the adrenaline are not significant (¢= 1-72, P=0-15). 

These results show that sympathectomized calves generally fail to show the _ 
normal rise in blood flow during the later period of the adrenaline infusions. _ 

Although sympathectomized subjects usually notice the same symptoms 
during an intravenous infusion as do normal subjects, a few who have had all 
four limbs sympathectomized experience more severe symptoms. In these 
subjects adrenaline causes a greatefrise in arterial blood pressure than is 
usually seen in normal people. A similar observation was reported by Swan 
(1951). 

Intra-arterial infusions, normal calves. Intra-arterial infusions of 1 peg. 
Adrenaline/min. into the femoral artery were given to six ‘normal subjects. 
During these experiments neither heart rate nor arterial blood pressure was 
influenced by the infusions. It is thought, since the dose of adrenaline was _ 
small and no systemic effects were observed, that the blood flow changes | 
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during the infusion represent the direct local effect of adrenaline on the muscle 


blood vessels. 


The response observed in a healthy young man is shown in Fig. 3. There 


is an initial increase in blood flow and then a fall; for the remainder of the” 


infusion the level of flow is below the resting rate. During the last 4 min. 


(10 xg./min.) 
Blood pressure = 
| 
150-- ‘and 
100 | 


: 100 


ASE 
Sympath. calf 
= 
j 
0 10 20 ey 
Minutes | 
Fig. 2, Intravenous infusion of adrenaline, sympathectomized subject. Arterial B.P., 
ne heart rate and calf blood flow. 


of the infusion it averaged 2-1 ml. as compared with the resting value of 
2-5 ml./100 mk/min., a decrease of 16%. Only one of this series of six normal 
calves showed an appreciable increase in blood flow during the last 4 min. of the 
infusion. The average change in flow in the six subjects was an increase of 4%. 
The detailed results are given in Table lc. 
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During the 10 min. test period a very much larger total amount of adrenaline 
is given in the intravenous infusion than in the intra-arterial infusion. It must — 


now be considered whether this factor is in any way responsible for the 


difference in the response obtained: It seems unlikely that the adrenaline 
concentration in the circulation increases during a continuous infusion, for there 
is no progressive increase in arterial blood pressure, nor is there continuance 
of symptoms. After the infusion has been discontinued the arterial blood 
pressure falls within a very few minutes to the resting level. It is probable that 
the adrenaline is inactivated or withdrawn from the circulation by the tissues 
at a steady rate. Concerning the rate of inactivation of adrenaline by the 
tissues recent studies (Swan, 1951, Fig. 4) on the blood flow through the 


. | Adrenaline Normal calf 
i (1 pxg./min.) intra-arterial 
= 
8 
9 10 20 30 
Minutes 


Fig. 3? Intra-arterial infusion of adrenaline, normal subject. Response of blood flow in calf. 


human hand demonstrated that the constrictor action of even larger amounts 
of adrenaline did not persist after the end of the infusions, and the blood flow 
_ had frequently returned to normal values in 1-2 min. In the experiments 
described in this paper it is probable that inactivation of adrenaline took place 
at a steady rate, and that the relatively larger total intravenous dose was pro- 
portionately withdrawn from the general circulation by the tissues. Nevertheless, 
experiments were carried out using higher*doses of adrenaline given intra- 
arterially and the responses in six normal calves to 2g. adrenaline/min. are 
detailed in Table 1d. Had the effect observed in the intravenous infusions been 
due to the accumulation of adrenaline in the blood stream a like response should 
have occurred in these experiments; on the contrary a decrease in blood flow of 
34% resulted. 

Intravenous infusions, normal forearms. Intravenous adrenaline infusions 
were given to nine normal subjects while blood flow was measured in the fore- 
arm. As already stated, simultaneous blood pressure and forearm blood flow 


measurements were impracticable, so the blood pressure alone was first re- 


corded while an infusion was given. After a control period of 25-30 min. during 
which the saline infusion continued, a second infusion of adrenaline was given 
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Tasue 1, Changes in calf blood flow in normal and in sympathectomized limbs during intravenous a 
infusions of adrenaline, and in normal limbs during intra-arterial infusions of adrenaline. . 
Blood flow in ml./min./100 ml. tissue 
Blood pressure ¢ 
Age B-A % 
: No. (yr) Sex A B B-A A A B Condition D 
| (a) Normal calves, intravenous adrenaline 10 yg./min. 
1 21 #7. +30 +176 124/80 140 Normal 
2 F 46 +08 +16 116/65 148148 Normal 
| 3 19 F 3-3 4-9 +16 +48 121/70 149/52 Normal — 
2% 42 82 +40 +965 Normal — 
) 5 22 F 43 9-8 +55 +128 112/70 139/71 Normal = 
6 23 M. 45 54 +09 +20 149/78 152/58 Normal re 
7 20 M. 57 5°5 -0-2 -3 120/60 145/50 Normal 
8 2 M. 21 43 +22 +105 118/76 144/66 Normal hi 
9 2% M 410 43 +24 +126 119/70 150/70 Normal ae 
10 38 M. 47 87 +40 +85 116/81 148/74 Normal aes 
li: & 29 69 +40 +16 — Normal 
32 61  $$+69 110/68 140/65 Normal 
Av. 36 62 +26  +86% 
(6) Sympathectomized calves, intravenous adrenaline 10 yg./min. 
1 19 F. 2-7 2-3 -0-4 -15 121/70 140/60 1 
29 26 -03 -10 132/72 180/66 Raynaud’sdisease 6 
3 2 F. 56 44 —1-2 -21 116/65 150/60 Raynaud’s disease 13 
4 44 #F, 32 8630 0-2 -6 103/60 140/70 Raynaud’s disease 5 
5 81 F. 24 27 +03 +12. 118/78 118/76 Raynaud’s disease 6 
ees) ee 28 26 -0-3 -10 118/78 118/76 Raynaud’s disease 6 
Avy. 33 20 -04 -8% = 


) Normal calves, intra-arterial adrenaline 1 yg./min. 


2 23 382 36 +04 Normal 
5 22 3-8 2-8 -1-0 — 26 Normal 
6 M 383 40 +0-7 +21 Normal 
Avy. 30 340 00 +4% — 
(d) Normal calves, intra-arterial adrenaline 2 yg./min 
3 M 50 24 -26 #£-82 — — Normal 
6 23 78 7-4 —0-4 -5 — Normal 
Av. 46 $1 -1+5 -34% 


A=mean during the 4 min. prior to the start of the adrenaline; B =mean during the last 4 min. 
of the adrenaline infusion; D=duration of sympathectomy, in months. 


while blood flow was recorded. In this group of subjects the changes in arterial 
blood pressure and in heart rate, and the symptoms, all closely resembled those 
already described in the previous group of normal subjects receiving in- 
travenous infusions. 

The effects of an infusion are depicted in Fig. 5. The first change in forearm 
| blood flow is a sudden marked increase to between four and five times the mean 
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resting level. This increase is of short duration, and within a minute the blood 
flow returns to about twice the resting level. From this point to the end of the 
infusion the flow remains about this level, gradually rising a little during the 
last few minutes. After the end of the infusion, the blood flow soon returns to 
near the resting level. For the whole group of nine subjects, the mean resting 

level was 2-6 ml./100 ml./min., and the blood flow during the last 4 min. of the 


Minutes 

Fig. 4. Averages of the calf blood flow in three groups of subjects: —_——, twelve normals, 
during intravenous infusions of adrenaline; - - - - - -, six sympathectomized, during intravenous 
infusions of adrenaline; — — —, six normals, during intra-arterial infusions of adrenaline. — 


adrenaline infusions was 5-1 ml. The difference between these figures is highly 
significant (¢=5-8, P<0-001). The detailed results in this group are given in 
Table 2a. | | | 

Intravenous infusions, sympathectomized forearms. Observations on the effect — 
of intravenous infusions in respect of seven sympathectomized forearms were 
made. The observations from a typical experiment are illustrated in Fig. 6. 
The subject was a man who had had a bilateral cervical sympathectomy, 1 year 
previously, for hyperhidrosis. In this instance, blood-pressure and heart-rate 
changes are similar to those found in normal subjects. 

The forearm blood flow shows the initial brief rise to a peak from which it 
rapidly returns to below the resting level. During the rest of the infusion, 
however, the blood flow remains, with some fluctuation, near the resting level, 


and there is no substantial increase such as occurs in the normal forearm. The _ 
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ADRENALINE ON MUSCLE BLOOD FLOW 49 
resting blood flow in this subject was 4-6 ml./100 ml./min., while the corre- 
sponding value during the last 4 min. of the adrenaline infusion was 5-5 ml. 

The results in the whole series of seven sympathectomized forearms are 
summarized in Table 2b. The average resting flow was 4-2 ml.: during the last 


(10 jrg./min.) 


Blood pressure 


Wi 


Hg 


3 


Minutes 


Fig. 5. Intravenous infusion of adrenaline, normal subject. Arterial B.P., heart rate 
and forearm blood flow. 


4 min. of the infusions the average blood flow was 4-7 ml. These figures do not 
differ significantly (t= 1-2, P =0-25). 

Intra-arterial infusions, normal forearms. Intra-brachial arterial infusions 
were given to six normal subjects. The result in a typical experiment on a 
normal subject aged 21 years is represented in Fig. 7. No alteration in arterial 
blood pressure was observed. 

The characteristic initial increase in blood flow is followed by a rapid decline 
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to below the resting level of 3 ml./100 ml./min. The blood flow then rises slightly, 
but remains at about the resting level throughout the remainder of the infusion. 
During the last 4 min. the average blood flow was 3:1 — ml./min., an 

increase of only 3%, over the resting level. | 


chdrensline ~ 22222 
(10 pag./min.) 


s 3 
\ 
= 


mi./100 mi./min 
wn 


10 20 30 
Minutes 
Fig. 6. Arterial 3.P., 
heart rate and forearm blood flow 


In none of the six experiments in this group was there a sustained increase 
in flow. The observations are summarized in Table 2c. The average change in 
this group is a decrease of 5%. The difference in blood flow during the later 
adrenaline period, by comparison with the resting period, is not significant — 
(t=0-5, P=0-6). 

In the normal forearm, therefore, as in the normal calf, the blood flow 
increases markedly for a brief period at the beginning of an intravenous 
infusion of adrenaline, and then remains moderately elevated till the end of 
the infusion. | 

In the sympathectomized forearm, as in the sympathectomized calf, an — 
intravenous infusion causes an initial transient increase in blood flow but no 
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Taste 2. Changes in forearm blood flow in normal and in sympathectomized limbs during in- 
travenous infusions of adrenaline, and in normal limbs during intra-arterial infusions of 


adrenaline. Blood flow in ml./min./100 ml. tissue. 


S 


Blood flow 
Age B-A% 
No. (yr.) Sex A B B-A A A B Condition 
| (2) Normal forearms, intravenous adrenaline 10 yg./min. : 

1 18 M. 3-4 5-6 +65 128/80 160/65 Normal 
2 19 M. 3-4 6-4 +3-0 +88 116/85 140/80 Normal — 
3 18 M. 3-4 77 +43 +127 135/80 165/65 Normal 
4 19 M, 20 46 +26 +130 135/80 155/70 Normal 
5 19 M. 2-4 3-2 +0°8 +33 135/80 150/75 Normal 
6 19 M. 1-7 3-9 +2-2 +130 — _ Normal 
7 19 M. 3-5 5-4 +19 +54 134/80 160/62 Normal 
8 33 M. 19 47 +147 — Normal 
9 18 42 #424 +13 — Normal 

Av. 26 8&1 +101% 

(6) Sympathectomized forearms, intravenous adrenaline 10 yg./min. 

l 2 - M. 3-1 39 +08 +26 122/76 140/76 Hyperhidrosis 
40 35 —0-5 -13 130/74 156/60 i 
3 32 M, 46 £55 +0-9 +19 — — idrosis 
4 82 F. 26 44 +18 +69 118/92 148/74 Raynaud’s disease 24 
KM 59 52 -0-7 -12 110/66 140/64 usalgia 
6-7 5-9 -12 — i 
7 22 F, 25 44 +19 +76 112/70 140/68 Raynaud’s disease 

Av. 42 47 +056 +22% — 

(c) Normal forearms, intra-arterial adrenaline, $ »g./min. 

21 M 30 = $1 +01 +3 — Normal 
2 29 M. 8-7 3-8 —49 56 Normal 
3°31 M. 1-9 1-7 —0-2 -10 — — Normal 
5 20 MM 60 £70 +10 +17 — _ Normal 
M68 60 +07 #=— Normal 

Av. 62 47 4-06 -5b% — 


A=mean during the 4 min. prior to the start of the adrenaline; B=mean during the last 4 
of the adrenaline infusion; D =duration of sympathectomy, in months. 
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Fig. 7. Intra-arterial infusion of adrenaline, normal subject. Effect on forearm blood flow. 
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subsequent rise. Likewise an intra-arterial infusion of adrenaline causes only 
an initial brief rise, but not a sustained increase in forearm blood flow. 

In the forearm, it will be noted (Table 2) that the mean control blood flow 
was greater in the group receiving intra-arterial infusions and in the sym- 


- pathectomized group, than in the normal group receiving intravenous in- 


fusions. The higher control level in the first group might be due to the saline 
infusion, for the same infusion rate (4 ml./min.) was used in all intravenous 
and intra-arterial infusions, and while this might have no effect upon the 
circulation in a large bulk of tissue like the leg, it might alter in some way the 
circulatory dynamics in a smaller bulk of tissue such as the forearm. These 
differences in the control blood flow levels might be responsible in some degree _ 
for the different responses observed in the three groups of forearms. When the 
blood flow means during the adrenaline infusion are adjusted by covariance 
analysis for the inequality in resting values there remains a statistically — 
significant difference between the normal and the forearms 
during intravenous infusions. 


| DISCUSSION | 

The changes in blood flow in the calf induced by adrenaline infusions (Fig. 4) 
reveal a distinctive pattern of response which is supported by the results 
obtained in the forearm experiments. By whatever route the adrenaline is 
infused, a marked but transient increase in blood flow is the first change in 
every subject whether normal or sympathectomized. In the three groups of 
calf experiments the resting blood flow means are clearly comparable, yet only 
in the normal group receiving intravenous adrenaline was this initial rise followed 
by a significant change in blood flow during the last 4 min. of the infusion, 
this being an increase of 86%. Thus in the two groups of subjects receiving 
the same total dose of adrenaline by intravenous infusion, the normal group 
exhibits a second phase of increased blood flow while the sympathectomized 
group does not. | 

In the forearm also a similar increase in blood flow (101 °{) was found when 
intravenous adrenaline was given to normal subjects, this response being 
significantly different from the effects observed in sympathectomized forearms. 


However, when the response of the normal forearm to intravenous adrenaline 


is compared with the response to intra-arterial adrenaline it loses its statistical 
significance because of an elevated control level of blood flow in the latter group. 
It is considered probable that in fact both calf and forearm respond alike to 
intravenous and intra-arterial adrenaline. Nevertheless, for the purpose of 
discussion reliance will only be placed on the statistically significant results 

obtained in the calf experiments. ‘ 


In Fig. 4 the graphs of the average blood flow results in the three groups of 


. calves have been superimposed. For purposes ” comparison, in this figure, 
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- small differences in timing have been eliminated by aligning each series in 


relation to the maximum blood flow during the initial brief increase which 
occurs in all groups. Usually, of course, with intra-arterial infusions the blood 
flow changes earlier because the adrenaline passes directly into the limb. This 
figure demonstrates in diagrammatic fashion the differences between normal 
and sympathectomized limbs in the response to intravenous adrenaline in- 
fusions—the latter have no secondary increase in blood flow. 

The possibility of an increased sensitivity of the denervated blood vessels 
to adrenaline cannot yet be entirely excluded. Hypersensitivity to adrenaline 
has been observed to follow sympathectomy in animals (Dale & Richards, 
1918), and is thought by some (Smithwick, Freeman & White, 1934) to occur 
in the human subject. Conceivably, therefore, sympathectomized limbs in 
virtue of an enhanced sensitivity to the constrictor phase of the local action of 
adrenaline might fail to show the secondary increase, whatever its mechanism 
in normal limbs. The effect of an intra-arterial infusion of adrenaline on the 
muscle blood flow in a sympathectomized upper limb was studied in two 
subjects. The result did not differ from that found when intra-arterial infusions 
are given to normal subjects. 

Changes in blood flow in forearm and calf may be ascribed largely to changes 
in the flow of blood through skeletal muscle (Allen e al., 1946). The above 
results therefore confirm that in normal subjects the vessels in skeletal muscle 
show two phases of dilatation when an intravenous infusion of adrenaline is 
given. The second phase results in an increase of blood flow, of almost twice the 
resting rate, in the latter half of the infusion. Allen et al. (1946) observed, and 
it is herein confirmed, that the initial large dilatation is due to a direct action 
of adrenaline on the blood vessels of skeletal muscle, for it occurs with intra- 
arterial infusions, and in sympathectomized vessels. The sustained rise in 
blood flow in normal muscle, which follows this initial vasodilatation, when 
intravenous infusions of adrenaline are continued, must be due to a different 
mechanism, for it is absent during intra-arterial infusions. What, then, is its 
nature? 

The sustained increase in blood flow occurs at a time when the arterial blood 
pressure is elevated, so it might be considered to be a passive consequence of 
the increased ‘perfusion pressure’. But the increase in systolic blood pressure 
averaged about 30mm. Hg, while the diastolic pressure was reduced by about 


- 10mm. Hg. If conditions are such that the blood flow is directly proportional 


to the head of perfusion pressure, the mean increase in arterial pressure alone 
could account at most for an increase in blood flow of about 10%, which is 
much less than the observed increase of 80-100%. Further, the blood pressure 
rises rapidly after the start of the infusion to a fairly steady level during the 
remainder of the infusion, while the secondary rise in blood flow often takes 
1-3 min. to appear. Indeed, it is usual for the blood flow to continue to increase 
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slowly during the remainder of the infusion, while further elevation in blood 
pressure usually does not occur. Moreover, when fluctuations in blood 

and in blood flow occur, these are seldom coincident; nor is there any gen 
association between the degree of blood pressure rise in different subjects, 
during this period, and the actual level of blood flow (Tables 1 and 2). 

Green, Lewis, Nickerson & Heller (1944) found that the pre-existing level of 
tonicity of a vascular bed greatly modified the increase in flow resulting from 
a given increase in perfusion pressure. If the vascular tone of the vessels in 
sympathectomized limbs may be presumed to be not greater than normal, then 
this group should have exhibited an increase in blood flow equal to that in 
nornigl limbs, if the effect were due simply to the increased arterial pressure 
resulting from the adrenaline. 

_ Is the secondary rise in blood flow in normal muscle during the intravenous 
infusion of adrenaline due to the arrival at the periphery of some vasodilating 
substance liberated elsewhere into the circulation in response to the adrenaline? 
If this were so, sympathectomized limbs would be expected also to exhibit this 
increase in muscle blood flow. Moreover, unless the dilating action of this 
hypothetical substance were confined to the vasculature of muscle, generalized 
vasodilatation resulting in a significant fall in arterial blood pressure would be 
expected. However, the blood pressure is maintained at about the same level] 
during the course of the infusion, falling only after the end of the infusion. 

It therefore seems likely that the sustained rise in muscle blood flow in 
normal limbs during intravenous infusions of adrenaline is due to an alteration 
in vasomotor tone. Blood vessels in human skeletal muscle are supplied with 
both constrictor and dilator sympathetic nerves (Barcroft, Bonnar, Edholm & 
Effron, 1943; Barcroft & Edholm, 1945). Changes in vasomotor tone might 
result from activity of either or both groups of nerves; they probably act 
reciprocally to influence blood flow. 

Vasodilatation is known to result from stimulation of the baroceptors of the 
carotid sinus and aortic arch (Heymans & Bouckaert, 1933). This effect is 
mediated by the sympathetic pathway and is abolished by sympathectomy. 
This mechanism may be responsible in some degree for the increase in blood 
flow in normal limbs. 

Adrenaline has been shown to depress transmission in sympathetic ganglia 
(Marrazzi, 1939), thereby inhibiting vasoconstrictor tone (Biilbring & Burn, 
1942). In this connexion Swan (1951) has demonstrated a central inhibition 
of sympathetic vasoconstrictor tone in the skin in man following short intra- 
venous infusions of adrenaline. Although the effect described in the present 
study differs in that it occurs in muscle blood vessels during the course of 
infusions of adrenaline, it may well be of the same nature. 
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SUMMARY 


1, The changes in skeletal muscle blood flow have been studied by venous 
occlusion plethysmography i in the human forearm and calf, during the course | 
of intravenous infusions of adrenaline at a rate of 10 yg./min. for 10 min., in 
normal and in sympathectomized limbs. : 

2. Both groups exhibit an initial brief but marked dilatation; in the normal 
muscle this is succeeded by a phase during which blood flow is approximately 
twice the-resting level. 7 

3. This second phase does not usually occur in sympathectomized limbs, 
and it is absent in normal limbs when adrenaline is given by intra-arterial 
infusion. | 

4, Evidence is presented that the secondary vasodilatation in normal skeletal 
muscle is mediated by the sympathetic nerves. 

5. The possible mechanisms which might lead to this vasomotor effect are 

The authors have pleasure in expressing their indebtedness to Prof. H. Barcroft, for constant 
encouragement and advice, and to the medical students of St Thomas’s Hospital Medical School 
and those patients who volunteered as subjects. Prof. Sir J. Paterson Ross, P. Martin, Esq., 
F.R.C.8., and J. B. Kinmonth, Esq., F.R.C.S., very kindly allowed us to see the patients, The 
authors are indebted to Dr J. M. Tanner for statistical analysis of the data. Mr G. Hales gave 
efficient technical assistance. Certain expenses were defrayed by a grant from the Medical Research 
Council. 
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OBSERVATIONS ON THE BLOOD FLOW IN THE SPINAL 
CORD OF THE RABBIT 


By E, J. FIELD 
Department of Anatomy, University of Bristol 
anp J. GRAYSON anp A. F, ROGERS 
Department of Physiology, University of Bristol 
(Received 18 August 1950) 


Cobb & Talbot (1927) presented evidence that in the experimental animal 
heightened activity of a portion of the brain resulted in an increased vascularity 
of that region. A year later Fulton claimed to have evidence of a similar 
occurrence in man. The introduction by Gibbs (1933) of the heated thermo- 
couple method of measuring blood flow has facilitated the investigation of the 
problem in the surviving animal. As a result it is now known that regions of 
the brain entering upon a temporary increase of activity acquire an augmented 
blood flow for the duration of such activity, and moreover that the phenomenon 
may be precisely localized (Gerard & Serota, 1936; Santha & Cipriani, 1938; 
Schmidt & Hendrix, 1938). ; 

No similar investigation relating to the spinal cord appears to have been 
made, and it was to this problem that attention has been directed in the present 
work. Increased activity of the spinal cord was brought about, for example, 
by pinching the heel, or stimulating the central end of the cut sciatic nerve, and 
the temperature changes in the active spinal cord segments accompanying the 
reflex activity were recorded. Such stimulation of the sciatic nerve is known 
to release adrenaline (Tournade & Chabrol, 1926). The effect of intravenous 
infusions of adrenaline has therefore been investigated. Inhalations of CO, were 
also given as Schmidt & Hendrix believed CO, to be the factor regulating local 
cerebral blood flow. To show that the observed temperature changes were not 
due to heat production in contracting muscles or due to movement of the 
animal, further experiments were done on anaesthetized animals when fully 
curarized. A brief report of the work has already been given (Field, Grayson & 
Rogers, 1949). 

MATERIAL AND METHODS 
Variations in blood flow were measured by thermocouples of the heated type (Gibbs, 1933) or a 
modification of the cooled couple of Schmidt & Pierson (1934). The principle in both methods is to 
maintain the recording thermocouple embedded in the tissue under investigation at a temperature 
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either above that of the afferent blood or below it. With the former an increased blood flow 
results in cooling of the recording thermocouple producing a fall in recorded temperature, whilst 
with a thermocouple below the temperature of the blood an accession of relatively hot blood pro- 
duces @ rise in the temperature record. In both cases sensitivity depends upon the difference in 
temperature between the recording point and the afferent blood. In the present investigation a 
certain cooling of the exposed spinal cord to below the temperature of the aortic blood (0-2-0-5° C.) 
was inevitable and sometimes this difference provided sufficient sensitivity for blood flow variations 
to be recordable. Much more striking records were, however, obtained when the temperature 
difference between cord and blood was increased by sucking # uniform stream of air through the 
wound as described below. 

Thermocouples were of 36 s.w.g. (0-193 mm.) copper and constantan wire, and carefully shielded 


by ‘eystoflex’ sheathing. Attention to detail (e.g. the avoidance of ammonium salts in soldering 


flux) was found to be of prime importance in obviating artifacts. The cold junction was immersed 

in oil in a Dewar flask at a temperature a few degrees below that of the animal. Each circuit 

consisted of a d’Arsonval galvanometer, a resistance box, a cold junction, a recording couple and 

a control box. The latter made it possible to switch different recording couples into the circuit, to 

Pie the cold junction (e.g. to record spinal against abdominal temperature) or to short-circuit 
the galvanometer. 

All long leads were of co-axial cable; wens tei dir 
possible. The various components of the circuit stood on earthed plates and the animal table was 
also earthed. Temperature sensitivity could be varied by means of the resistance box and was 
maintained at about 15 om. scale deflexion to 1° C. 

Heating of the Gibbs type thermocouple was carried out by means of a low voltage alternating 
current from a step-down transformer (P. 210 V., 8. 6 V.) the primary of which was fed from a 
‘Variac’ transformer. A milliammeter checked constancy of the heating current. 

Galvanometric deflexions were recorded kymographically by a modification of the method 
proposed by Schmidt & Pierson (1934). 
presented by one of us (A.F.R.) elsewhere. 

All observations were made on adult rabbits (1-8-2-5 kg.), anaesthetized by iciitabeabibons 
sodium (‘nembutal’) given intravenously. The usual initial dose was 40-50 mg./kg. body weight. 
Altogether 60 animals were employed. A tracheal cannula was inserted and the blood pressure 
recorded from the carotid artery. A thermocouple was placed in the posterior part of the abdominal 
cavity close up against the aorta. In some cases a balloon was inserted to record the intra-— 
abdominal pressure. Lumbar and thoracic laminectomies were performed, the former just above 
the level of the iliac crests, each exposing about 5-8 mm. of spinal cord. The recording couple was 
inserted in such a way that its point might be expected to lie in or near the anterior horn of grey 
matter. It was repeatedly found that if a brisk movement of the leg did not occur when tke couple 
was inserted the preparation would be unsatisfactory. Stimulation after reinsertion of the couple 
at the correct level usually gave a good response. At the opposite end of the wound a small thick- 
walled rubber tube was stitched into place so that the open end lay in the centre of the wound a 


_ few mm, above the cord surface, which was protected by a thin layer of cotton wool. Both thermo- 


couple and tube were rigidly fixed in place by stitches previously inserted through the muscles and 
their fascial sheaths on either side of the spine, so that even gross movements of the animal could 
not result in their displacement relative to the cord. The wound was loosely packed with cotton 
wool and the skin edges brought together except at the centre where a glass ring was sewn in place 
to leave an opening of constant size for the admission of air. These procedures took 14-2 hr. The 
animal was left undisturbed for about an hour and if found to be reacting satisfactorily heparin 
was administered (3 mg./kg.), the blood pressure manometer connected up and recording 
commenced. | 

Where records from both heated and cooled thermocouples were desired, a thermocouple with 
attached heating element was inserted at the beginning of the experiment. The same thermocouple 
could thus be cooled by suction, or heated, as required. 
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| RESULTS 
| The relation between intra-peritoneal and cord temperatures 
The body temperature of the experimental animal could be varied at will by 
means of heaters fitted to the operating table. The heaters were adjusted to | 
maintain the body temperature between 38° and 40° C. 

When the laminectomy wound was closed, the resting temperature of the 
spinal cord was 0-2-0-5° C. lower than the intraperitoneal temperature. Except 
where the heated thermocouple was used, additional cooling was usually 
necessary, and was obtained by drawing air through the wound at a constant 
rate by means of the rubber tube and glass ring described above. Most of the 
experiments were thus performed with the local cord temperature 2-3° C. 
below that of the peritoneal cavity. | i 

It was usually found difficult to maintain an absolutely steady body tempera- 
ture. Using the table heaters, however, the range of variation was limited to 
0-5° C. In a typical experiment the body temperature rose and fell in a series 

__of long, slow undulations where the periods of increase and decrease each 
- occupied about 25 min. The cord temperature varied similarly, but to a less | 3 
extent, and lagged some 5 min. behind body temperature. | | 

It seemed likely that these effects were the direct result of alterations in 
blood temperature. There was no evidence that changes in body temperature 
had any direct effect on the blood flow in the spinal cord, although evidence | 
will be presented later to show that changing body temperature may influence | 
the sensitivity of response to peripheral stimulation. _ ) 


The effect of pentobarbitone sodium anaesthesia 

Pentobarbitone sodium (‘nembutal’) (40-50 mg./kg.) administered intra- 
venously, was the anaesthetic used in all experiments. Maintenance doses 
produced changes in blood temperature which were accompanied by changes 
in the spinal cord temperature. Two types of blood pressure response were ( 
noted in different animals: (a) In the first the blood pressure fell abruptly, then 1 
slowly mounted to a level higher than the former level. (b) In the second group | 
the blood pressure fell abruptly, then climbed slowly, but never beyond the [ 
former level. 

Two types of reaction were recorded from the spinal cord: (i) Where, after 
an initial fall, the blood pressure never rose above former levels, a transient fall | 
in cord temperature occurred (Fig. 1A). When heated thermocouples were _ 1 
used, the cord temperature rose slightly. The return to resting levels was usually | 
complete within 3 min. In some cases the effect on the cord was very slight, 
even absent. In a typical instance, where the blood pressure fell from 100 to 
60 mm. Hg. the cord showed no change whatever (Fig. 1(). (ii) In seven + 
experiments, where after its initial fall the blood pressure rose beyond its | 
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original resting level, the cord temperature also fell, remaining low for long 
periods or very slowly returning towards its resting level (Fig. 1B). 


Fig. 1. The effect of intravenous pentobarbitone sodium (nembutal) on the spinal cord 
. circulation. Unheated thermocouples in the lumbar cord. 


The evidence thus indicated that intravenous pentobarbitone sodium usually 
produced a temporary diminution in cord blood flow, associated with the initial 
drop in blood pressure. Where the blood pressure was ultimately raised, 
however, the diminution in blood flow was more prolonged and must be assumed 
to have been the result of an active vasoconstriction. . 


Blood flow in the cord in relation to gross blood pressure changes 

Observations were made which suggested that under certain conditions the 
spinal cord circulation might passively follow changes in blood pressure. 

The tracings shown in Fig. 2, for example, are from an animal in poor 

condition exhibiting periodic breathing of Cheyne-Stokes type. Cord tempera- 
ture changes reflected those of the blood pressure, rising when the blood 
pressure rose, falling when the blood pressure fell, and showed the same time 
relationship. 
In other instances of spontaneous blood pressure change such as occasionally 
occurred just before death, there was a similar apparently passive relation 
between spinal cord temperatures and blood pressure, with a time lag of up 
to 30 sec. 

In 6 animals temperature and circulatory changes were recorded at the 
moment of death. Where the unheated thermocouple was used (4 animals) a 
rapid fall in cord temperature accompanied the cessation of circulation without 
any comparable sudden change in the intraperitoneal temperature which 
continued to fall slowly. (Fig. 3). In two experiments where the heated 
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thermocouple was used, the cord temperature rose sharply when the terminal 
fall of blood pressure occurred. There can be no doubt, therefore, that the 
recorded effects were due to blood flow change. 


Abdominal cavity} 


Fig. 2. Reactions in the lumbar cord of the rabbit Fig. 3. The effect of pentobarbitone sodium over- 
during periodic breathing. Unheated thermo- dose on the circulation in the spinal cord. 
couples, 0-5 em. apart, : | Unheated thermocouples. Signal=60 mg. § 

‘ pentobarbitone sodium (intravenous). | 


The effect of D-twbocurarine chloride on the spinal cord circulation 

Curarized animals were used in some of the investigations to be described. 
It is necessary, therefore, to consider the direct action of the drug on the spinal 
cord circulation. 

In 6 animals where it was used, the blood pressure, the body temperature and 
the cord temperature fell simultaneously immediately after the administration. 
The drop in cord temperature was always greater and quicker than the drop in *\, 
body temperature (Fig. 4). In another example, the body temperature con- °\ 
tinued to fall for over 5 min. after the beginning of artificial respiration, 
dropping from 38-6° to 38-4° C. The cord temperature fell by 0-40° C., the fall 
being complete 1 min. after the start of artificial respiration; it returned to 
base-line 5 min. later when the blood pressure had recovered. Similar results 
were obtained in all cases. 


The effect of CO, inhalation _ 
The effects of CO, inhalation were variable. Four experiments were per- 
formed. 10% CO, in O, was administered through the airway from a Douglas 
bag. In one animal inhalations of 1-2 min. caused diminutions in lumbar cord 
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temperature of 03°C. In a curarized animal, similar, but less pronounced, — 
diminutions in cord température were recorded in response to CO,. In the 
other two animals short inhalations of CO, had no effect, whereas inhalations 
of 2-3 min. produced slight increases in cord temperature. | 


Fig. 4. The effect of curare on the circulation in the lumbar cord. Signal, intravenous 
p-tubocurarine chloride. Artificial respiration. Unheated thermocouples. 


ver- 


Fig. 5. The effect of intravenous adrenaline (2 yg./min.) on the lumbar spinal 
3 cord circulation. Unheated thermocouple. 


The effect of intravenous adrenaline 
Intravenous infusion of adrenaline was performed in three animals. The 
effect depended to some extent on the dose. Thus, in one rabbit 10 yg./min. 
given into an ear vein produced a definite increase in cord temperature. In the 
other two rabbits doses of 1-2 yg./min. produced marked falls in the cord 


2 
AW 
2 
M 
it 
| 
i 
; 
a a 
q 
te 1 
fay by ‘ 
if 
i : 
q 
: 3 
i 
“43 
4 
4 
‘ 
mg. 
; 
j 
; 
j 
ag 
G 
4 
? 
a 
7 on 
; A 
‘ 
i 
4 
3 
4 
4 


62 E. J. FIELD, J. GRAYSON AND A. F. ROGERS 


temperature, accompanying the rise in blood pressure. These latter results can 
only be interpreted as evidence of active vasoconstriction (Fig. 5). Un- 
fortunately blood pressure records were not obtained from animals which 
showed evidence of increasing blood flow. 


The effect of asphyara 
In the non-curarized anvmal 
Blocking the airways of non-curarized rabbits for periods of 45 sec. produced 
varying effects in 10 experiments. The blood pressure responses were variable, 
but depressor and pressor effects usually occurred in succession (Fig. 6B). The 
cord temperature responses were more stereotyped. The usual reaction is shown 
in Fig. 6B where a preliminary slight rise in thoracic or lumbar cord tempera- 


ture (unheated thermocouples) occurred at the beginning of asphyxia, followed 


by a fall, with a slow return to resting level. 


Fig. 6. The effect of asphyxia: A, in the curarized animal, pump stopped; B, in the 
non-curarized animal, airway blocked. Unheated thermocouples. 


__ In three experiments the preliminary rise was absent. In two experiments 
where the blood pressure rose more than in the other cases, the preliminary 
tise was succeeded by a return to base-line as the blood pressure recovered, 
with no significant fall below. 


In the curarized animal 

Asphyxia was induced in curarized animals by stopping the respiration pump. 
_ A drop in blood pressure always occurred together with a drop in cord tempera- 
ture. On restarting the pump, both the cord temperature and blood pressure 
usually returned rapidly to base-line (Fig. 6.A). 
In two experiments, however, after artificial respiration had been restarted, 
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there was a slight recovery which was followed by a further prolonged fall in 
cord temperature. The body: temperature showed a similar drop during the 
same period, but the drop in cord temperature was always more rapid and 
much greater (Fig. 7). | 


Fig. 7. Vasoconstriction in the spinal cord following asphyxia (signal) 
in the curarized animal. Unheated thermocouples, 


: The effect of peripheral nerve stimulation 

A total of 50 rabbits was used in order to study the effects of peripheral 
stimulation on the circulation ‘in the spinal cord. Records were made of 
temperature in the lumbar cord and thoracic cord. In some experiments 
heated thermocouples were used. The following methods were used to produce 
peripheral stimulation: 

(a) Pinching the he¢l. Continuous or intermittent pinching sufficient to 
produce slight limb withdrawal in the non-curarized animal was the method 
most frequently used. 

(6) Squeezing the limb. This was done manually or by using a tourniquet. 

(c) Stroking the skin or fur. 

(d) Electrical stimulation of the limb by as inserted into the thigh 
muscles, 

(e) Electrical stimulation of the intact sciatic nerve (shielded electrodes). 

(f). Electrical stimulation of the central end of the cut sciatic nerve (shielded 
electrodes). 

A Ritchie-B.n.1. square wave stimulator was used for all electrical stimula- 
tions. 

In general one or both of two iid effects was produced in the lumbar 
cord by these procedures, namely: (1) vasodilatation during stimulation (the 
usual effect), or (2) vasoconstriction following stimulation (an occasional finding). 
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Vasodilatation produced in the spinal cord by peripheral stimulation 

Increased blood flow was manifested by an increase in the temperature of 
the spinal cord using the cooled or unheated thermocouple, and by a decrease 
in the temperature of the heated thermocouple. 

Heel pinching or electrical stimulation of the central end of the cut sciatic 
nerve were found to give the most consistent results. Fig. 8A shows a typical 


result of heel pinching, viz. a rise in lumbar cord temperature of 0-2° C. during — 


a stimulation of 45 sec. duration, followed by a return to base-line. In success- 
ful experiments similar effects followed all types of leg stimulation, which could 
_ be repeated with similar results over considerable periods. On a few occasions 
observations were made for periods of 10 hr.; in one experiment 30 separate 
stimulations were ¢arried out, each causing an increase in cord temperature 
with subsequent return to base-line. 


Fig. 8. The effect of heel pinching on the lumbar spinal cord temperature: A, non-curarized animal; 
cow 

In the experiment shown in Fig. 9 (thermocouple cooled), stimulating the 
central end of the cut sciatic nerve produced the usual rise in the lumbar cord 
temperature. After a number of stimulations had been carried out to confirm 
the consistency of the effect (Fig. 9A), the procedure was repeated with the 
thermocouple heated to 2-0° C. above the intra-peritoneal temperature. Small 
diminutions in cord temperature then accompanied each stimulation (Fig. 9B). 
Finally the thermocouple heater was switched off, suction turned on, and 
further stimulations performed, giving results similar to that shown in Fig. 9A. 
Similar findings were obtained in all experiments of this kind. It was con- 
cluded, therefore, that the changes in temperature which took place in the 


lumbar cord following peripheral stimulation were the result of an increase in 
blood flow. 
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The blood pressure changes during stimulation were found to be variable. 
Both pressor and depressor effects were obtained even in the samé animal 
without any apparent difference in prodecure, and there was no apparent 
correlation between the blood pressure changes and the spinal cord reactions. 
In those cases where the blood pressure fell during the period of rising cord 
temperature (e.g. Fig. 8A) it can only be concluded that the cord blood flow 
changes were the result of an active vasodilatation. . 


Abdominal temperature 


Spinal cord 
cemperature 
intra-abdominal 
pressures 


pressure 


Fig. 9. The effect of stimulation of the central end of the cut sciatic nerve on the lumbar spinal 
cord circulation in the rabbit: A, cooled thermocouple; B, heated thermocouple. 


The type of stimulus did not greatly affect the result obtained. In the non- 
curarized animal, heel pinching or electrical stimulation of the central end of 
the cut sciatic was most frequently used. Squeezing the limb and stroking the 
skin produced less certain responses. Electrical stimulation of the limb of an 
intensity sufficient to produce slight twitches was usually effective, and electrical 
stimulation of the intact sciatic was as effective as electrical stimulation of the 
central end of the cut sciatic. 

Localization of vasodilatation in the spinal cord. The dilator effect described 
applies to the lumbar cord. In 18 experiments, records were taken simultaneously 
from the lumbar and thoracic cords. In every case responses to peripheral leg 
stimulation were only obtained in the lumbar cord (Fig. 9A). Accurate 
implantation of the thermocouples in the segments giving origin to the sciatic 
nerve was essential in order to record positive dilator effects. In three experi- 
ments where negative results were first obtained, reinsertion of the couple in 
a different segment enabled the usual dilator response to be obtained on 
sciatic stimulation. In three other cases where no positive results could be 
obtained even after reinsertion, post-mortem examination of the — 
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showed a post-fixed lumbar plexus. In two experiments simultaneous recordings 
were made from adjacent segments. Vasodilatation occurred only in the 
segments contributing to the sciatic nerve. | 

In most experiments the thermocouple was implanted near the anterior 
horn, not far from the ntid-line, and it was usually found possible to obtain 
positive dilator results by stimulating either limb. In some cases, however, the 
localization was such that positive dilator effects could only be obtained by 
stimulating the leg on the same side as that in which the thermocouple was 
implanted. 

Stimulation of the forelimbs and other parts of the body usually had no 
effect on the lumbar cord. : 

‘The influence of body temperature on the sensitivity of the responses. In most 
experiments body temperature was not found to affect the results. In three 
experiments, however, evidence of vasodilatation following peripheral stimula- 
tion could not be obtained during phases of rising body temperature. When the 
body temperature was falling, however, dilator results were obtained. The 
explanation of this observation is not clear. : 

Vasodilatation in the spinal cord of the curarized ammal. The peripheral 
stimulation experiments of all kinds were repeated in anaesthetized curarized 
rabbits. There was no movement of the animal during stimulation. In two 
cases the central end of the cut sciatic nerve was stimulated electrically. In all 
instances the characteristic dilator responses were obtained (Fig. 8B). 

Vasodilatation in the spinal cord following cervical section. In one animal the 
spinal cord was completely transected in the cervical region. The usual vaso- 
dilator responses were obtained on stimulation before and after the transection 
(Fig. 8C). 

Vasoconstriction in the spinal cord following peripheral nerve stimulation 

In seven of the 50 animals in which peripheral stimulation was employed, | 
this was occasionally followed by a period during which the cord temptra- 
ture fell rapidly—even precipitously—thereafter returning slowly to base-line 
(Fig. 10). Usually these events were preceded by vasodilatation. The fall 
varied from 0-3° to 0-8° C. and was complete in 2-5 min.; the return to base- 
line occupied from 5 to 30 min. according to the extent of the fall. | 
Blood pressure changes during the phase of dropping cord: temperature were 
usually slight, the most frequent being an increase in blood pressure. Body 
temperature remained constant. It is considered that these effects were the 
result of a diminution in cord blood flow, which, in view of the absence of a 
significant fall in blood pressure, must have been brought about by active 
vasoconstriction. 

No evidence was obtained to suggest the conditions which predisposed to 
these vasoconstrictor effects. In most experiments their occurrence could not 
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_ be related to anaesthetic, body temperature or gross blood pressure change. 


They were obtained after every kind of stimulation, and in curarized and non- 
curarized animals. In oné animal peripheral stimulation was always followed 
by vasoconstriction; in the other six, where similar vasoconstriction was 
observed, the effect could not be regularly produced. | 


DISCUSSION 


Under the experimental conditions described, the temperature of the spinal 
cord was always somewhat lower than that observed in the posterior part of 


the abdominal cavity. It may be safely assumed therefore, that cord tempera- 


Fig. 10. Vasoconstriction following vasodilatation in the lumbar cord—sciatic 
nerve stimulation. Unheated thermocouples. ) 
ture is lower than that of its afferent blood supply. Feitelberg & Lampl (1935) 
observed that in the conscious animal the temperature of the brain is above that 
of the carotid blood, and that exhibition of hypnotics and narcotics in general 


_ lowered cortical temperature below that of the afferent blood. In view of these 


findings it must be emphasized that all recordings in the present work were 
made -under established anaesthesia. 
In protracted experiments, when the general condition of the ‘animal had 


deteriorated, it was often found that changes in blood pressure were passively 


reflected in the cord temperature (Fig. 2). Under these conditions, too, the 


animal was frequently insensitive to stimuli which, under more favourable. 


conditions, had evoked alterations in cord temperature. The records shown in 
Fig. 1, however, and the results of peripheral nerve stimulation demonstrate 
that in animals in good condition, under the usual experimental conditions, the 
circulation in the spinal cord possesses a certain degree of autonomy vs-d-vis 

changes in blood pressure and can react independently (see Fig. 10). 
The methods of measurement used were in no way quantitative for flow, and 
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it was impossible to estimate the resting blood flow in the spinal cord. The 
above considerations, however, and the fact that it is possible to produce 
dilator effects independently of blood pressure change suggest that there may 
be some degree of resting tone in the spinal cord vessels. 

Schmidt & Pierson (1934) found that CO, was the most powerful of a number 
of substances tested for influence on medullary blood flow. They concluded that 
medullary blood vessels normally have a high intrinsic tonus which may be 
antagonized to varying degrees by the dilator action of CO,. It must be 


remembered that the medulla may well represent a special case with regard to 


sensitivity to CO,. However, Schmidt & Hendrix (1938, pp. 232-3) state: 
‘We believe that the vasodilator effect of CO, is the mechanism by which all 
of the various parts of the brain receive a blood supply proportionate to their 
needs’. The few observations made in the present work do not suggest that 
CO, has a consistent dilator action in the spinal cord and it seems unlikely, 
therefore, that the mechanisms suggested by Schmidt & Hendrix can be extended 
to this region. : 

Adrenaline, however, appears to have a definite vasoconstrictor action on 
the blood vessels of the spinal cord. In this respect the responses of the blood 
vessels in the spinal cord are similar to cutaneous and visceral vascular reactions 
(Grayson & Swan, 1950). It is tempting to assume, therefore, despite failure 
to demonstrate autonomic nerves in relation to the smaller cerebral vessels 
(Penfield, 1932), that the autonomic nervous system may nevertheless play 
_@ part in the maintenance of resting vasomotor tone in the central nervous 


system. 


In the experiments described, pinching the heel sufficiently toelicitasustained . 


withdrawal reflex was almost always associated with an increased blood flow 
in the lumbar cord. The clearest records were obtained when the thermocouple 
recording point was thought to be resting in the anterior horn grey matter—as 
might be expected from its considerably richer blood supply. 
_ The experimental evidence indicated that the vasodilatation accompanying 
muscular activity was localized to the active neural segments. 
_ In the brain, localized vascular responses have been frequently observed to 
accompany nervous activity. Cobb & Talbot (1927) found that the olfactory 
bulb of the rabbit showed a considerably increased vascularity if the animal 
were allowed to inhale ammonia or ether for a few minutes before death. 
They concluded: ‘If this be a true local increase of capillary bed in response 
to nerve stimulus, the physiological and psychological implications may be 
important.’ 

Fulton (1928) brought forward an interesting clinical case supporting the 
results of Cobb & Talbot. He observed a case of ganglioma arteriale racemosum 
of the occipital cortex in which the bruit was found to increase in intensity 


during visual effort. The increase came on in 20-30 sec. and was maintained 
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for nearly 1 min. after cessation of visual effort. No concomitant changes in 
blood pressure were found, nor was the bruit affected by activity of other sense 
organs, e.g. hearing, smell. Fulton concluded that ‘localized increase in vas- 
_cularity of the brain occurs under appropriate sensory stimulation’. Schmidt & 
Hendrix (1938, p. 267) show an elegant record from the occipital cortex of the 
cat. supporting Fulton’s suggestion. Gerard & Serota (1936) also observed 
localization of vascular changes to active neural structures, but the most 
detailed investigation was made by Santha & Cipriani (1938). Using a 
heated thermocouple of the Gibbs type introduced into different parts of the 
basal ganglia they were able to establish a strict relationship between localized 
cortical areas and definite parts of the thalamus and caudate nucleus. The 
increase in blood flow resulting from stimulation of a given cortical point was 
found to be sufficiently localized to enable the method to be used as a means 
of establishing subcortical-cortical relationships. 

Although in the experiments described here the degree of localization was not 
so extreme, it appears that localization of vascular responses similar to that 
observed in the brain also occurs in the lumbar region of the spinal cord. 

Santha & Cipriani thought that localized vasodilatation in the brain was 
mediated by the local liberation of metabolites such as CO, and acetylcholine 
rather than by nervous reflex, pointing out that Penfield (1932) had been unable 
to demonstrate a nerve supply to vessels less than 30 p. in diameter entering 
the base of the brain. 

In the present experiments where CO, was administered, there was no evidence 
to indicate a specific vasodilator role for CO, in the cord. Penfield emphasized 
_ the technical difficulties in the way of successful impregnation of cerebral 
vascular nerves and it is at least possible that improvements in technique may 
show their presence in association with smaller vessels in the depth of the 
nervous tissue. Unpolished histological preparations made by one of us (E.J.F.) 
have shown that there are fine nerve fibres accompanying the vessels entering 
the cord substance through the anteromedian furrow in man, though no fibres 
were demonstrable around the smaller vessels. The question of mechanism in 
this ‘reflex’ vasodilatation must therefore be left open for the moment. 


SUMMARY 
Le sities is decribed for the detection of blood flow changes in the 
spinal cord of the rabbit. 
2. In debilitated animals blood pressure changes may produce passive 
nses in the blood flow in the spinal cord. - 
8. In fresh preparations, however, the blood flow in the spinal cord is largely 
. independent of general blood pressure changes. 
4, The effects on spinal blood flow of anaesthesia, C0, advenaline, asphyxia 
and curare are described. 
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5. Peripheral stimulation usually causes vasodilatation localized to the 
activated cord segment which still occurs after curarization or cervical cord 
section. 

6. Occasionally, under conditions which are not understood, peripheral 
stimulation leads to a pronounced vasoconstriction in the spinal cord. 
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| 
THE SHORTENING OF RABBIT MUSCLES DURING RIGOR 
MORTIS: ITS RELATION TO THE BREAKDOWN OF 
ADENOSINE TRIPHOSPHATE AND CREATINE PHOS. 
PHATE AND TO MUSCULAR CONTRACTION | 


By J. R. BENDALL 


From the Low Temperature Station for Research in Biochemistry and Biophysics, 
University of Cambridge and Department of Scientific and Industrial Research 


(Recewed 25 August 1950) 


In a recent paper (Bate-Smith & Bendall, 1949) it was shown that the time- 
course of rigor mortis in rabbit muscle was determined principally by the 
glycogen-reserve of the muscle at death. As it had previously been shown 
(Bate-Smith & Bendall, 1947) that the 20- to 40-fold increase in the modulus 
of elasticity of the muscle, characteristic of the rapid phase of rigor, coincided 
with the rapid disappearance of adenosine triphosphate (ATP) from the muscle, 
the conclusion was drawn that the glycogen was merely acting as a reserve of 
energy for the resynthesis of ATP. In neither of these papers, however, was the 


_ Tole of creatine phosphate (CP), as a reserve of energy-rich phosphate, fully 


taken into account, nor was direct evidence offered that it did not disappear from 
the muscle coincidentally with the ATP. In the present paper it will be shown 
that in well-rested and relaxed animals, the CP level is high immediately post- 
mortem, but decreases rapidly thereafter, being reduced to less than 30% of 
its initial level before there is any appreciable loss of ATP. This occurs whatever 
the rate of glycolysis, although the rate of breakdown of CP depends to some 
extent on the glycogen reserve at death. 

For well-fed, rested animals, the chief chemical events related to the onset 
of rigor mortis are (a) more or less rapid glycolysis from the moment of death, 
the rate depending on the pH-range traversed (cf. Bate-Smith & Bendall, 1949), _ 
(b) the disappearance of CP from the moment of death, the CP falling to 30% 
of the resting level when the pH has fallen to about 6-8, (c) the disappearance 
of ATP, which begins when the CP has fallen below the 30 % level, and continues 
at a steady rate until it reaches 20% of its resting level. At this point glycolysis 
is almost at a standstill, and the rate of ATP disappearance falls off markedly. 
As in the previous paper, the rate-determining factor in all these reactions 1s 
taken to be the breakdown of ATP by the ATP-ADP-ase systems in muscle, 
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yielding (i) adenylic acid, which is built up again to ATP by reaction with 
creatine phosphate and (ii) inorganic phosphate, which initiates glycolysis, and 
hence resynthesis of ATP and CP. 

It is found that no changes in the length or extensibility occur in the muscles 
of well-fed animals until the ATP content has fallen below 80% of its resting 
level. Soon after this level is reached, however, the extensibility begins to 
decrease, the change being completed when the ATP has fallen below 20% of 
its resting level. At room temperature (17° C.), the change in extensibility is 
accompanied by only slight shortening of the muscle. When the ultimate pH is 
- 6-0 this amounts to less than 2% under a constant load of 50 g./cm.*, and to 
about 6° under a load of 5 g./cm.*. At 37° C., however, the muscle behaves 
quite differently, marked shortening occurring as soon as the ATP falls below 
80°, of the resting level. The shortening amounts to 10% of the initial length 
under a load of 50 g./cm.* and about 20% under a load of 5 g./cm.*. The onset 
of the decrease in extensibility coincides with the onset of shortening. 

The delay in onset of shortening can, of course, be decreased considerably 
by starvation or violent exercise of the animal before death, and in such cases 
the ATP begins to disappear correspondingly earlier. Moreover, the ultimate pH 
is higher (>6-5), with the result that shortening is considerably increased and 
at 87° C. reaches 30% under a load of 50 g./cm.? at ultimate pH 7-20. 

It should be noted that the work done during the shortening at 37° C. rarely 
exceeds 15 g.cm./g. of muscle, even at pH 7-2. This is less than a third of the 
amount of work done during the so-called thaw-rigor observed by Szent-Gydorgi 
(1949). The present author has also found that the maximum work done at 
37° C. during the course of thaw-rigor of rabbit muscle is about 45 g. cm./g. at 
pH 6-40. It is, however, an open question whether this type of rigor is strictly 
comparable with normal rigor, since much damage is done to the muscle fibres 
during freezing and subsequent thawing. 


Pre-treatment of the rabbite 
Feeding or starvation of the animals was carried out as described previously (Bate-Smith & 
Bendall, 1949) as were the myanesin and insulin injections. Six rabbits were injected with insulin 
to produce vigorous convulsions, and 30 rabbits with myanesin to produce complete muscular 


relaxation for at least 30 min. 
Preparations of the muscles 

Psoas muscles were used throughout and were carefully dissected to give of uniform width, 
and cf 6-8 cnn, whlghing 6-1; wes to tho various 
phosphate fractions, the muscle was wrapped in the middle and at one end with adhesive tape and 
the wrapped portions placed in clips for measurements of extensibility (cf. Bate-Smith, 1939). The 
clip gripping the middle of the muscle was arranged to allow the unwrapped end to hang free, and 
from this samples of }-1 g. were cut from time to time for chemical estimations. Thus the extension 
and chemical changes were recorded on one and the same muscle in all cases. For accurate measure- 
ments of the work done during shortening, however, the strips of muscle were wrapped at both 
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ends, and placed in clips, as in the method of Bate-Smith (1939). No chemical estimations, apart 
from initial and ultimate pH determinations, were attempted in such cases. 


Measurement of extensibility and shortening under load 
In experiments in which it was desired to measure the duration of the delay-period only, the 
apparatus described by Bate-Smith & Bendall (1949) was used to give a continuous record of the 
change in extensibility. In the majority of experiments on shortening, however, the muscle was 2 
left more continuously under load (of 50-100 g./om.*), the load being removed periodically for 


‘165 sec. and replaced immediately, to give a measure of the extensibility. The change of length of 


the muscle was recorded on @ smoked drum of 6 in. diameter, revolving once in 12 hr. 


_ Strictly, the extensibility should be defined as the fractional extension of the muscle by unit load 


acting on unit area of cross-section, For the purposes of this paper, however, absolute values of 
extensibility are not required, and the extensibility is, therefore, given throughout as a percentage 
of the initial extensibility (20 min. after death). The extension values are based on the fractional — 
change of length of the muscle in 15 sec. after the removal or application of the given load (called 
the « value in the previous paper). By using this value, any effect of active shortening of the muscle 
on the passive extension is effectively eliminated. 

The work done during the shortening is defined as: 


Lxh 
work =——— g. cm./g., 


where L is load (g.), h is the total distance (in cm.) the weight is lifted by the muscle and w is the 
weight of the muscle (g.). | : 
Chemical estimations : 
pH and lactic acid determinations were carried out as described previously (Bate-Smith & 
Bendall, 1949). The pH immediately after death is referred to as ‘initial pH’ and that when all 
rigor-changes are complete as ‘ultimate pH’. 

Phosphorus determinations were carried out on trichloroacetic acid (TCA) extracts by the method 
of Allen (1940). The various phosphate fractions were estimated as follows: 

- Creatine phosphate (CP-P) and inorganic phosphate (IP) by the method of Eggleton & Eggleton 
(1929), which was slightly modified for use with a Spekker photometer. 

Adenosine triphosphate (AT P-P) by hydrolysis of TCA extracts with n-HCl for 7 min. at 100° C. 
The value for the CP-P +IP was then subtracted, the difference giving the total labile phosphate 
(P,,). The latter will be mainly the total labile P of ATP, although some interference from hexose- 
di-P and triose-P might be expected. However, differential hydrolysis failed to reveal sufficient 
amounts of these esters to-interfere in the 7 min. hydrolysis, except when rigor was complete. 
Even then, the interference amounted to less than a third of the labile P (0-05 mg. P/g.) which 
remains in muscle for at least 6 hr. post-rigor (see later). As Bailey has shown (1949), this 
remainder is unlikely to be ADP-P, which even in fresh muscle amounts to less than 5% of the 
labile P. The total labile P of ATP is referred to as P,,. 

Unidentified phosphorus. This fraction, which’ contains adenylic acid-P, the various hexose- 

and traces of other phosphate esters, was obtained as the difference between 
(CP-P +IP + ATP-P) and the total soluble phosphorus (TSP). 


Definition of ‘standard’ rested muscles 

The majority of the animals to be considered were treated with myanesin and were thus 
completely paralysed and relaxed for at least 30 min. before death. This treatment gave fairly con- 
sistent pH, CP-P and ATP-P values for the muscles, and it became possible to define a ‘standard’ 
rested muscle as having an initial pH of 7-10+0-05, a CP-P content of 0-75-0-80 mg. P/g. and an 
ATP-P content of 0-48-0-52 mg. P,,/g., immediately post-mortem. The CP-P and ATP-P values, in 
all cases, are given as percentages of these standard resting values. As a percentage of the total 
TCA-soluble P (average 2-04+40-15 mg. P/g.) the average resting value of CP-P is 39% and of 
ATP-P 245%. 
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RESULTS AND DISCUSSION 


The course of chemical events duting rigor mortis at 37° and 17° C. 


The main chemical events associated with rigor mortis in rested animals arf 
summarized in Figs. 1, 2 and 3. In Figs. 1 and 2, the ATP and CP contents of 


0 100 200 300 0 100° 200 300 400 S00 600 700 
Time (min. post mortem) Time (min. post mortem) 
Fig. 1. Fig. 2. 


Fig. 1. The relation between the CP-P and ATP-P content and the shortening of two groups of 
psoas muscles, during the course of rigor mortis at 37° C. 
Average initial pH 7:10 Average ultimate pH group (a) 6.50. 
Average initial CP-P 0-80 mg./g. Average ultimate pH group (6) 6-00. 
Average initial ATP-P 0-50 mg./g. 
@— 6, shortening as % final; x — x, CP-P as % initial; O——O, ATP-P as % initial; — - —, 
rate-ratio x 100. 


Fig. 2. The relation between the CP-P and ATP-P content and the decrease of extensibility of two 
groups of psoas muscles, during the course of rigor mortis at 17° C. 
Initial pH, CP-P and ATP-P as in Fig. 1. / 
Average ultimate pH group (a) 6-60. 
_ Average ultimate pH group (b) 6-10. 
X—X, CP-P as % initial; O——O, ATP-P as % initial; 
— ——, rate-ratio x 100. 


muscles with high and low glycogen reserves (ultimate pH 6-1-6-0 and 6-6-6°5 
respectively) are plotted against time post-mortem at 37° and 17° C. respec- 
tively. The pH/time curves for such muscles are plotted in Fig. 3. Figs. 1 and 2 
represent the average values derived from 5 separate experiments in each case, 
the variations in time to reach any given value of CP or ATP being +30 min. 
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at 17°C. and +15 min. at 37°C. (except for the first 30% of the decrease 
of CP, where the variation is less than 10 min.). 

The curves show several points of interest—first, the CP disappears rapidly 
from the moment of death, and at the same rate in the muscles with high as in 
those with low glycogen-reserves. The rate, however, is increased about 24 
times by raising the temperature from 17° to 37° C. It is noteworthy that the 
CP/time curves appear to be unaffected until the glycogen-reserve of the muscle 
at death is reduced almost to zero by starvation or fatigue. For example, 


three muscles with ultimate pH 6-80 gave CP/time curves at 17° C. almost 


identical with the above. This effect is mainly due to the fact that more than 
50% of the CP has disappeared in all cases before pH 6-80 is reached. The ATP 


level, on the other hand, does not change until the creatine-phosphate has 
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65 \ Ultimate pH 66 
Ultimate pH 65 Ultimate pH 60 
Ultimate pH 60 
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Fig. 3. pH/time curves of psoas muscles during the course of rigor mortis at 
: 17° and 37° C. Initial pH =7-10. 


fallen below 30% of its resting level (i.e. below 0-25 mg. CP-P/g.). This point is 
reached in about 250 min. at 17° C. and 105 min. at 37° C. The rate of ATP dis- 
appearance, however, does not reach its maximum until more than 80% of the 
CP has disappeared (leaving 0-16 mg. CP-P/g. in the muscle). For muscles with 
high glycogen reserves (ultimate pH 6-10-6-0) the corresponding pH values at 
the 30% CP level are 6-77 (17° C.) and 6-70 (37° C.), and at the 20% CP level 
6-60 (17° C.) and 6-57 (37° C.). These values are nearly the same for the muscles 
with depleted glycogen-reserves (ultimate pH 6-60-6-50). The disappearance 
of ATP, once started, proceeds at a steady rate until less than 30% of the 
resting amount remains. The rate then decreases, and is very slow below the 
25° level. At 37° C., the rate is the same in the two groups of muscles, but at 
17° C. the rate appears to be rather faster for the group with ultimate pH 6-60, 
than for the group with ultimate pH 6-10. This difference in slope, however, is 
not of great significance, since in the muscles with ultimate pH 6-60 the ATP 


level already shows some decrease during the resting phase. 
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- It should be noted that the P,- level does not fall to zero, even when the | 
changes in extension and pH are complete. The remainder, which amounts to 
about 0-07 mg. P,/g. at 17°C. and 0-05 mg. P,/g. at 37° C., is not due either 
to hexose-di-phosphate or triose-phosphate, and it is concluded that it is either 
unchanged ATP-P or some other unknown easily hydrolysable phosphate ester. 

These findings do not substantiate the predictions made in the earlier paper 
(Bate-Smith & Bendall, 1949), where it was supposed that the rapid phase of 
rigor which begins at pH 6-3-6-2 in well-fed animals, was the outcome of 


a correspondingly rapid disappearance of ATP from the muscle. As has been | | | 


seen, the rate of ATP disappearance is largely unaffected by the ultimate pH 
between the limits pH 6-60 and 6-00. On the other hand, the rate of ATP 
turnover (see Fig. 4) is affected by pH in a way very similar to that predicted 
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Fig. 4. The rate of ATP turnover (calculated as in text) plotted against pH at 17° and 
37° ©. for groups of muscles having ultimate pH 6-5 and 6-0 respectively. 


in the earlier paper, where it was supposed that it would follow the rate of 
glycolysis curve closely. The rate of turnover has been calculated from the rate 
of glycolysis at the pH in question (see Fig. 3), to which was added the known 
rate of CP and ATP breakdown (Figs. 1 and 2). It was assumed, as before, that 
the production of 1 mol. of lactic acid from the glycolytic cycle gives rise to 
resynthesis of 1} mol. of energy-rich phosphate. The rate curve, calculated in 
this way, shows a marked depression at pH 6-80 (17° C.) and 6-72 (37° C.) with 
peaks at pH 7-20 and 6-35 on either side of it. The depression at pH 6-72-6-80 
and the peak at pH 6-35 are more towards the alkaline side than would have 
been expected from the glycolysis curve given in the last paper (pH 6-65 and 
6-00 respectively). This difference is due to the rather better evidence for the 
rate of glycolysis obtained in the present work, where it has been possible to 
follow the rate of fall of pH, in at least ten muscles, from pH 7:10 to 6-0 or 
below. The curve of ATP-turnover now resembles very closely Engelhardt & 
Lyubimova’s pH/activity curve for myosin (1942), which has fairly distinct 


ve 
mg 
‘4 
on 
Hg 
= 
a 
x 
7°C 
Ultimate 
. H 60 
: 
17°C 
> 
7 Ultimate 
j ‘ H 65 
| 
t 
Bs 


ATP AND SHORTENING IN RIGOR MORTIS 17 


peaks at pH 7-10 and 6-25 and a trough at pH 6-8. This strongly suggests that 
the myosin-ATP-ase of muscle is the main enzyme responsible for the observed 
turnover, but, since only small quantities of ADP are found in surviving muscle 
(Bailey, 1949), an ADP-ase, possibly Kalckar’s myokinase (1942), must also be 
present. 

The above results were obtained with paralysed, relaxed animals, and show 
the course of the chemical changes in muscle from the resting state to complete 
rigor. If, however, animals are killed by stunning and decapitation, without — 


_ previous paralysis, the picture of chemical change is very greatly modified. 


Such animals struggle violently at death with the result that there is considerable 
prgduction of lactic acid in the muscle, and the initial pH is low (6-60-6-35). _ 
The muscle at death contains little or no CP and the ATP has already fallen 
below 70% of the resting level. The course of the ATP/time curve from this 
point onwards, however, resembles that of the myanesin-treated animals, and 
in muscles with ultimate pH 6-0 or below is accompanied by fairly vigorous 
glycolysis. These points are illustrated in Fig. 5, for two pairs of muscles at 
17° and 37° C. respectively. 


i” 
6 Extension / Extension 
$28 
Sw ATP 17°C. 
RE ATP 37°C. 
0 50 100 150 200 250 300 


Time post mortem (min.) 


Fig. 5. The effect of struggling at death on the ATP-P and extensibility changes at 17° and 37° C. 
There was no CP present at death. ‘ 
Approx. initial pH 6-40. 
Approx. ultimate pH 5-80. 


Complete exhaustion of the animal before death by means of insulin con- 
vulsions gives rise to another variation in the chemical changes. In general, 
such muscles have initial pH values > 7-2 which remain stationary throughout, 
since the glycogen reserves have been exhausted. Usually they contain little 
or no CP, and the ATP, as in the case of animals killed without ante-mortem 
relaxation, has already fallen below 70% of the resting level. Exceptionally, 
however, it is possible to kill the animal while the CP level is still fairly high. _ 
Such an experiment, at 37° C., is illustrated in Fig. 6, where the initial CP level 
was >75% of the resting level. There was evidently no reserve of glycogen, 
since the pH remained unchanged at 7:23 throughout, and the experiment, 
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therefore, provides a good illustration of the turnover of ATP in the absence of 
resynthesis from glycolysis. It is seen that the ATP level decreases as soon 
as the CP falls below 50% of the resting level, and the two levels decrease 
together from this point onwards. The very high rate of ATP disappearance 
is noteworthy. The over-all rate of ATP turnover, by addition of the rates of 
breakdown of CP and ATP, is 28yg. P,/min./g. for the first 20 min. of the 
experiment. This is quite close to the calculated value at pH 7-1 derived from 


Fig. 4 (23g. Py/min./g.). 


» 100 

gig 

50 
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0 0 0 30 50 7 8 
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Fig. 6. The effect on the changes in CP-P and ATP-P content and the shortening of a psoas muscle 
of exhausting the glycogen reserves completely by insulin convulsions, Temp. =37° C. pH 
throughout = 7-23. 


In two other experiments with insulinized animals, in which no CP was 
present at death, but in which the initial ATP level was above 70% of the 
resting, the maximum rate of ATP turnover at 37°C. lay between 20 and 
25g. Py/min./g. This, again, is in good agreement with the values in Fig. 4. 

The temperature coefficient of the main chemical events averages 2-65 + 0-05 
for 20° C., giving a Qy) of 1-634+0-02. For CP breakdown (from 100 to 20%) 
the Q,, is 1-61, for total ATP turnover rate at the peaks 1-63, and for glycolysis 
(from pH 7:1 to 6-0) 1-65. . 


Shortening at 37° C., in relation to disappearance of CP and ATP | 

A feature of rigor mortis at 37° C. which strikingly distinguishes it from that 
at 17° C. is the marked shortening of the muscle as it passes into rigor. This 
shortening always occurs, under constant loads of 50-100 g./cm.2, and can give 
rise to considerable amounts of work (see later). It coincides with the decrease 
in extensibility which occurs at this stage. 

In Fig. 1, the average shortening of two groups of standard muscles, with 
ultimate pH 6-5 and 6:0 respectively, is plotted against time post-mortem, and 
can be compared with the CP and ATP/time curves in the same figure. The 
shortening is given as % of the total shortening. The variations in time to reach 
any given degree of shortening are approximately + 15 min. The more or less 
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prolonged delay-period during which the length of the muscle remains unchanged 
should be noted. 


The curves show clearly that creatine phosphate breakdown is unlikely to be 
the direct cause of shortening, since the latter does not start until the CP is 


- below 20% of the resting level. On the other hand shortening is related to ATP 


breakdown, beginning when the ATP has fallen below 85% of the resting level 
for the group with ultimate pH 6-5, and when it has fallen below 80% of the 
resting level for the group with ultimate pH 6-0. The shortening curve for the 
ultimate pH 6-5 group has almost the same slope as the ATP curve, whereas in 
the ultimate pH 6-0 group the shortening curve is much steeper than the ATP 
curve after 20% of the shortening has occurred. The ATP level, when shortening 
has reached 10% of the final value (critical level) is 75° of the initial for the 
ultimate pH 6-5 group, and 65% for the ultimate pH 6-0 group: (Accurate 
values for shortening below the 10% level cannot be obtained owing to the 
errors of the method.) The level is even lower (55°) for muscles with ultimate 
pH 5-80. Both the differences in the slope of the curves and the lowering of 
the ‘critical level’ as the ultimate pH is lowered suggest that the level of ATP is 
not the only factor determining the time of onset of rigor. At 17°C., this 
lowering of the critical level is even more marked. These points will be discussed 
more fully later. 

These results do, however, establish clearly that shortening does not occur 
in an unstimulated surviving muscle until the rapid phase of ATP breakdown 
has begun. Further evidence for this can be derived from the examples given 


‘in Figs. 5 and 6. In Fig. 5, as meritioned above, the animal was killed with 


le. Both shortening and rapid breakdown of ATP start immediately 

mortem, the slopes of the curves being similar. In Fig. 6, the animal was 
exhausted before death by insulin convulsions. The CP level at death was high 
(>75% of the resting), but decreased below 30% of the resting level before 
the shortening exceeded 10 % of its final value. Again the slopes of shortening 
and ATP curves are similar. - | 

In Fig. 7, the ATP content is plotted against the shortening for five muscles 
with varying ultimate pH values. It is seen both here and from Fig. 1 that the 
curves for ultimate pH values below 6-25 are more abrupt, and the major part 
of the shortening takes , . ° over a narrower range of ATP content than for 
ultimate pH values of 6-5 or above. 

The effect of increase in the glycogen reserves (or decrease in the ultimate pH 
of the muscle) on the delay in onset of shortening is shown in Fig. 8, where the 
time post-mortem at which 10% of the shortening has occurred is plotted 
against the ultimate pH of the muscles. All the muscles were of the standard 
type and had initial pH values of 7-10 + 0-05, initial CP-P >0-75 mg. P/g. and 
initial ATP-P of 0:50+0-05 mg. P,/g. It is seen that the curve becomes 


a yiolent struggle, the pH at death was low (6-4) and there was no CP in the 
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totic to the pH axis as the ultimate pH is lowered. Thus, the 
Piss sane by 130 ie by lowering the ultimate pH from 7-10 to 6-6, but 
only by 44 min. by lowering the ultimate pH a further 0:5 unit to 6-10. As 
mentioned above, most of the OP has disappeared before pH 6-6 is reached, and 
the more or less rapid disappearance of ATP has already begun, irrespective of 


the ultimate pH of the muscle. This explains satisfactorily the relatively small — 


effect of decreasing the ultimate pH below 6-60. 


100F 


Ultimate pH 650} 
Ultimate pH 580 


50 
ATP as percentage initial ATP 


Fig. 7. ATP content plotted against shortening of muscles with varying ultimate pH 
values. Temp. =37° C. (Crosses indicate values for insulinized animal of Fig. 6.) 
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Fig. 8. The delay in decrease of extensibility plotted against the ultimate pH 
values of psoas muscles at 17° and 37° C. 


Shortening and decrease of extensibility at 17° C. 
. At17°C., in contrast to 37° C., there is very little shortening as the muscles go 


into rigor, particularly at the lower pH values (<2% at pH 6-0 under loads of 
50 g-/cm.*), and it is accordingly very difficult to measure the precise point of 
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onset. For this reason decrease of extensibility was measured instead. In the 
majority of cases at 17° and 37°C. this has been found to coincide in time _ 
with shortening. | 
In Fig. 2, the decrease in extensibility at 17°C., for muscles with resting 
levels of CP and ATP at death, is plotted against time, for two groups with 
ultimate pH 6-60 and 6-10. respectively. On comparing the curves with the 
corresponding CP and ATP/time curves, it is seen that in muscles with ultimate 
pH 6°60, the extensibility begins to decrease as soon as the ATP falls below 
85% of the resting level, and the curve, after it has decreased by 10% of the 
total, has almost the same slope as the ATP/time curve. At the onset of the 
decrease, the CP has already fallen to 25 % of the resting level, and is, gare 
re to be the direct cause of this change. 


pH at onset 
67 65 6235 60 

Ultimate pH 

Fig. 9. The level of ATP (critical level) at which ban 
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At ultimate pH 6-1 on the other hand, the change in extensibility does not 
begin until the ATP has fallen to 60% of the resting level, and has only 
decreased to 90% of the resting value, when the ATP level has fallen to 46%. 
From then on, however, the decrease proceeds more rapidly than that for the 
ultimate pH 6-6 group (cf. shortening and ATP content at 37° C.). Thus, when 
the extensibility has decreased from 90 to 10% at ultimate pH 6°6 the 
ATP has fallen from 78 to 42% of the resting level, whereas for the corre- 
sponding decrease at ultimate pH 61 the ATP level falls from 46 to 24%. This 
effect, of the lowering of the critical level of ATP (at which the extensibility has 
decreased to 90%) as the ultimate pH is lowered, is quite definite in all the 
muscles studied, and is independent of the initial pH or CP level. This is 
illustrated in Fig. 9, where the critical ATP level is plotted against the ultimate 
pH and the pH at onset, for a heterogeneous group of muscles‘at:17° C., having 
initial CP levels varying from 100 to 60% of the resting. It is seen that at 
ultimate pH 6:6 the critical level is 78% of the resting (0-40 mg. P,-/g.), at 
ultimate pH 6-3 it is-60% (0-30 mg. P,/g.), 43% at ultimate pH 6-1 and vi 
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30% (0-15 mg. Py/g.) at ultimate pH 5-8. The critical level for the ultimate 
pH 6-6 group may be rather too high, owing to the difficulty of determining the 
exact point of onset of the extensibility change, which is very slow in this pH 
range. Two experiments at ultimate pH 6°80 gave rather lower critical levels 


— of about 70%, and one experiment at ultimate pH 7-2 a critical level of 80°. 


As mentioned earlier this effect is less pronounced at 37° C., although quite 
definite. Thus, at this temperature, the critical level is 75% at ultimate pH 6-6, 
65 % at ultimate pH 6-0 and 55% at ultimate pH 5-80. The implications of these 
findings willbe discussed in the next section. | | 

In Fig. 5, the relation of ATP level to decrease in extensibility at 17° C. is” 
shown for a pair of muscles from an animal killed without previous paralysis. 
During the violent death-struggle, the pH fell to 6-40 and all the CP disappeared 


rom the muscle. The ATP level (starting at 70°% of the average resting level) 


decreased immediately, and the decrease in extensibility reached 10% when 
the ATP had fallen to about 55°% of the resting level. The ultimate pH of the 
muscle was 5-8. 

The effect of increasing the glycogen reserves (or lowering the ultimate pH 


of the muscle) on the delay in onset of the decrease in extensibility at 17° C. is 


shown in Fig. 8, where the time post-mortem at which the extensibility had 
decreased by 10% is plotted against the ultimate pH of the muscles. All the 
muscles were of the standard type, and had resting amounts of CP and ATP at 
death. It is seen that the curve becomes asymptotic to the pH axis, as the 
ultimate pH is lowered below 6-0, about as quickly as the curve at 37°C. In 
fact, the Q,, for the delay-period is very close to that found for all the chemical — 
events in rigor (1-63 +0-02). It should be noted in passing that the delay at 
ultimate pH 6-8 is considerably higher than that given in the earlier paper. 
The muscles used here, however, had a high CP level at death, whereas the 
previous ones probably had not. | . 


The critical level of ATP in relation to the ratio of the rate of 
resynthesis to the total rate of turnover of ATP 

The unexpected result that the critical level of ATP falls as the ultimate pH of 
the muscle is lowered, might suggest at first sight that less ATP is required to 
maintain the full extensibility of the muscle at lower than at higher pH values. 
However, such a conclusion is inconsistent with the fact, noted above, that the 
total amount of ATP which disappears as the extensibility decreases from 90 °/, 
to 10% of the initial value is greater at the higher than at the lower pH values 
(0-18 mg./g. at ult. pH 6-6 and 0-11 mg./g. at ult. pH 6-1). These inconsistencies 
can be largely overcome by assuming that the onset of rigor is due to the 
upsetting of the dynamic equilibrium between resynthesis and breakdown of 
ATP. If the total rate of resynthesis of ATP is calculated by adding the rate 
of breakdown of CP to the rate of resynthesis of ATP from the glycolytic cycle, 
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and this rate is expressed asa percentage of the total rate of turnover of ATP 
given in Fig. 4, the dotted curves, shown in Figs. 1 and 2, are obtained at 37° 
and 17°C. respectively. (The ratio will be referred to as the rate-ratio.) It is seen 
that these curves coincide far more closely in time with the changes in shorten- 


ing and extensibility than do the simple ATP/time curves. Those at 17° C. 


are particularly interesting. At both ultimate pH 6-6 and 6-1 the extensibility 
does not change until the rate-ratio has fallen below 90%, but decreases rapidly 
as soon as the ratio falls below this value. In the ultimate pH-6-6 group the 
ratio falls almost together with the net disappearance of ATP. At this stage 


_ the glycogen reserve of such muscles is almost exhausted, so that the rate of 


resynthesis of ATP and hence the rate-ratio, is falling off very rapidly. In the 
ultimate pH 6-1 group on the other hand the rate-ratio falls to 90% at about 
the same time as in the ultimate pH 6-6 group, but it is maintained at this level 
for a further 200 min., during which time the net ATP falls from 95 to 55% of 
the resting level. The extensibility does not change, however, until the rate- 
ratio falls below 90%, that is, when the ATP has‘fallen to 55% of the resting 
level at about 520 min. post-mortem. The maintenance of the rate-ratio at a high 
level is due in this case to the larger glycogen reserves of the muscles and hence 
greater resynthesis of ATP. The ratio falls only as the pH reaches 6-3 and 
glycolysis is beginning to flag. The rate-ratio curves at 37° C. bear a similar 
relation to the onset of shortening, which again does not set in until the ratio 
falls below 90%. It will be noted that at both 37° and 17° C. the slope of the 
rate-ratio curves and that of the shortening and extensibility curves agree 
closely. 
It is concluded that the maintenance of a muscle in its flexible pre-rigor state 
is not due simply to the maintenance of a high ATP level but to the maintenance 
of a balance between resynthesis and breakdown of ATP such that the rate- 
ratio is 90% or higher. This suggests that the actual amount of ATP required 
at the essential sites to maintain the muscle in its pre-rigor site is small in 
comparison with the total quantity present, that it is being turned over at 
a high rate at these sites, and that a diffusion process intervenes between the 
glycolytic mechanism and the sites. | 


pH at onset of shortening and of decrease of extensibility 
From the data presented above, it is clear that the onset of shortening and 
decrease of extensibility depends on the maintenance of a balance between 


_ resynthesis and breakdown of ATP. This, in its turn, is dependent on the level 


of CP and on the rate of glycolysis. In all the cases studied, the ATP level 
diminishes rapidly as soon as the CP falls below 20% of the average resting 
level (below 0-16 mg. CP-P/g.), and this point is reached at about pH 6-60, 
however low the ultimate pH of the muscle may be. Thus, it would be expected 


that the pH at onset of shortening (or of decrease of — eg 
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diverge more and more from the ultimate pH as the latter was lowered below 
6-6. As shown in the previous paper, this is in fact what happens at 17° C., but 
the explanation then advanced must now be qualified. It is now clear that 
resynthesis of ATP from the glycolytic cycle cannot maintain the ATP level 
once the CP level has fallen below 20% of the resting value. The level of ATP 
must, therefore, fall from this point onwards. Following this fall, and as soon 
as the ratio of the rate of resynthesis to the rate of turnover of ATP falls below 
90%, the muscle will shorten and its extensibility will decrease, the precise 
time of onset of these changes depending on the magnitude of the glycogen 


x 
37°C. 
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Work done (g.cm./g.)- 


0 
55 


Ultimate pH 
Fig. 10. Work done by muscles in lifting a load of 50 g./cm.* during the course 
of rigor mortis, plotted against ultimate pH at 17° and 37° C. 


Extent of shortening and work done in shortening at 17° and 37° C. 

In Fig. 10, the work done in g.cm./g. at 17° and 37° C. respectively is plotted 
against the ultimate pH of the muscles. In all cases, the muscles were under 
a constant load of 50 + 10 g./cm.? until rigor was complete, and thus the approxi- 
mate shortening as percentage of the initial length can be obtained by multi- 
plying the values of work by 2. It is seen clearly that both temperature and 
pH have a marked effect on the amount of work done. At low ultimate pH 
values (6-0 or below), about 6 times as much work is done at 37° as at 17° C., 
at intermediate values (pH' 6-5) about 4 times as much’ and at high values 
(>7-0) about 3 times as much. The effect of pH is less marked than that of 
temperature, e.g. at 37° C. about twice as much work is done at ultimate pH 
7-2 as at ultimate pH 6-0, and, at 17°C., about 4 times as much. 

The effect of load on the amount of work done was studied in 8 muscles 
having ultimate pH 5-8, when it was found that 5-7 times as much work was 
done against a heavy load (100 g./em.*) as against a light one (5 g./em..). The 
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shortening under the light loads amounted to about 6% at 17° C. and about 


20% at 37° C. Hill (1949) finds that if 1/20th of the load which gives maximum _ 
efficiency in a twitch is applied, the efficiency drops 10 times (from 40 to 4%). 
The above relative values agree fairly well with this. 
' As regards absolute values, the maximum work done in rigor is about one- 
third of the maximum recorded by Hill (1949) for a single twitch in frog muscle. 
Bearing in mind that the shortening in rigor can only begin when the ATP level 
has begun to fall rapidly, and is accompanied by decrease of extensibility of 
the muscle, it is possible that the latter process is limiting the former, and that 
although the contractile elements are involved, they cannot operate to their 
full extent, being under restraint from the decreasing extensibility. | 
Another possible explanation of the shortening in rigor might be given in 
terms of denaturation of the muscle proteins in the absence of ATP, were it not 
for the fact that the shortening is greater at the higher pH values, whereas 
denaturation of the muscle proteins is known to be less rapid at pH 7-0, and to 
increase markedly below pH 6-5, in the case of myosin (Bailey, 1942), and. 
below pH 6-0, in the case of myogen (Bendall, 1947). 


The rate of shortening and of decrease in extensibility 
The mean rate of shortening at 37° C. can be determined fairly accurately 


from the shortening curves, but, at 17° C., where the point of onset is less 
clearly defined and the amount of shortening is small, the rates at any given 


pH are too liable to errors to justify computation. 

At 37° C. the average rate of shortening is 1-45 +0-2% of the total per min. 
at ultimate pH 5:8, 1:3°%/min. at ultimate pH 6-2 and 1-02 + 0-06 %/min. over 
the range 6-35-6-80. At high ultimate pH values ( > 7-0) the rate is very variable, 
since it depends on the rate of ATP disappearance, which, in its turn, will 
depend on the amount of CP left at death. With high levels of CP at death 
(>0-60 mg. P/g.), but in the absence of appreciable glycolysis, the rate of 
shortening is about 2.5°%/min., but in the complete absence of CP, and with 
a high initial ATP level, it can rise as high as 9-2%/min. This would correspond 
to an ATP turnover rate of 25-30 yg. P,/min., assuming that’ 65% of the 


resting amount of ATP (i.e. 0-33 mg. P,/g.) disappeared during the rapid. 


phase of shortening (cf. Fig. 6). i 


At 17° C. the average rate of decrease of extensibility is about 0-72%/min. 
at pH 6-0, compared with about 1-40%/min. at 37° C., and about 0-50%/min. 
at pH 6-50, compared with 1-:02%/min. at 37°C. Hence, the temperature 
coefficient of the rate is rather less than 2-0 for 20° C., and gives a Q,) below 
1-45 in this pH range. This is close to the Q,, for the rate of change of modulus 
given in the last paper (Bate-Smith & Bendall, 1949). Since it has been assumed 
above that a diffusion processsg involved in the resynthetic mechanism, this 
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might also account for the low Qi, for the ate of change of extension, since 
most diffusion processes have Q,, values below 1:50. 


elation of musoular contraction to shortening in rigor 


_ Although physiological muscular contraction differs very greatly in its Mane 
relations from shortening in rigor, it is difficult to see how the latter can fail 
to involve the contractile elements, since at 37° C. it. can exceed 30% of the 
length of the muscle under heavy loads of 50 g./em.* and 45% under light 
loads, Even at 17° C. it can, at. high pH values, reach 9% under heavy loads 
and 14% under light loads. Direct evidence that the contractile elements are 
involved in the shortening is difficult to obtain, but it is quite clear, from the 
preliminary results of a histological study of muscles shortened in rigor by 20%, 
that the cross-striations of considerable numbers of fibres are packed at least 
twice as tightly as those in pre-rigor muscle, and that those fibres which do not 
show this tight packing are generally crinkled in appearance, suggesting that 
they have passively shortened under the influence of the neighbouring active 
fibres. It is easier to account for this tight-packing of the striations in terms 
of a very slow ‘physiological’ contraction than to seek for its explanation in 


terms of some other phenomenon such as denaturation of the proteins. More- 


over, as shown above, a denaturation process would occur more readily at low 
| pH than at high, whereas the reverse is true of shortening in rigor. 

If, then, shortening in rigor is essentially the same process as physiological 
contraction, it is possible to provide a tentative answer to the question posed 
by Hill (1950), whether CP or ATP is the primary substance involved in 
muscular contraction. It is quite clear from the results given here that CP plays 
no direct part in the shortening in rigor, since (1) more than 80% of it has 
disappeared before the shortening starts, and (2) the rate of disappearance of 


the remaining 20% is very slow and bears no relation to the rate of shortening _ 


under any of the diverse circumstances described. On the other hand, shortening 
accompanies the disappearance of ATP from the muscle in all cases, and is even 
more closely related to the decrease in the ratio of the rate of resynthesis to the 
tate of breakdown of ATP. Therefore, it is reasonable to suppose that the 
contractile elements are affected by the ATP level in their immediate neighbour- 
hood and tend to shorten when this level falls. The event initiating contraction 
following a stimulus is, therefore, most likely to be the breakdown of ATP at 
a higher rate than it can be resynthesized from CP. This would supply the 
source of activation heat (Hill, 1949). From this point onwards the present 
experiments can throw no light on the course of events in physiological con- 
traction, since the shortening in rigor, unlike contraction, is irreversible, and is 
always accompanied by decrease of extensibility. The latter change is most 
easily explained'in terms of new cross-bond formation in the muscle (Bate- 
Smith, 1948). It can be surmised that this takes — in the prolonged absence 
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of ATP and that the replenishment of ATP in physiological circumstances is 


responsible both for the absence of cross-bonding and for relaxation. 


A similar effect is found in many of the contractures of muscles produced by 
such agents as caffeine, chloroform, etc., recovery from which is very slow 
(Gasser, 1930). In such cases it should be possible to demonstrate a very low 
ATP level, persisting until the effect of the stimulating agent has worn off. 


1. It is shown that, during the course of rigor mortis in rested muscles at 
37° and 17° C., creatine phosphate is the first chemical compound to be broken 
down. The ATP starts to break down when 70% or more of the OP has dis- 
appeared. The ATP then falls relatively quickly, however vigorously glycolysis 
proceeds. The Q,, of glycolysis, CP destruction rate and ATP turnover is 
1-63 + 0-02. 

2. The overall rate of ATP turnover is shown to depend on pH in a manner 
similar to that of myosin ATP-ase. The average rate of ATP turnover at pH 7:1 
is 23 yg. P,/min./g. at 37° C. and 8-8 yg. P,/min./g. at 17° C. 

3. At 37° C. active shortening of the muscle occurs after, but never before, 
the ATP has begun to fall below its resting level. The critical level of ATP at 
which shortening begins depends on the ultimate pH of the muscle, falling 
from 0-40 mg. P./g. at pH 7:2 to 0-28 mg. P,/g. at pH 5-8. Shortening is 
complete when the ATP has fallen below 0-10 mg. P,/g. — 

4, The decrease in extensibility at 17° C. bears a similar relation to the ATP 
and CP level to that at 37° C. The critical level of ATP, however, falls more 
rapidly with ultimate pH, being 0-4 mg. P,-/g. at pH 7:2 and >0-15 mg. P,/g. 
at pH 5-8. | 

5. The fall in the ratio of rate of resynthesis to rate of breakdown of ATP 


bears a closer relation to the shortening and extensibility changes than the fall 


in the ATP level itself. 

6. The extent of work done in lifting a load during rigor depends on tem- 
perature, pH and load. At ultimate pH 6-0 six times more work is done at 37° 
than at 17° C, and at ultimate pH 7-2 three times. Two to four times as much 
work is done at ultimate pH 7-2 as at ultimate pH'6-0. Five:to seven times the 
work is done against a load of 100 g./cm.? as against a load of 5 g./cm.? 

7. It is suggested that shortening in rigor can best be explained as a very 
slow irreversible contraction, and that disappearance of ATP from the muscle 
is a fundamental prerequisite for both shortening in rigor and physiological 
contraction proper. CP can be regarded merely as a means of resynthesis of 
ATP in the former process and therefore, by inference, also in the latter. 


The author is particularly indebted to Dr E. C. Bate-Smith for his helpful advice and criticism 
of the discussion in this paper. He also wishes to acknowledge the help of Professor R. Garcia of 
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Instituto de Terapeutica, Montevideo, Uruguay, who participated in several of the experiments, 
and the valuable technical assistance given by Mr R. P. Houghton and Mr E. Batchelor. ; 
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FACILITATION OF CONDUCTION RATE 
: IN NERVE FIBRES 


By THEODORE HOLMES BULLOCK 
From the Department of Zoology, University of California, Los Angeles 
(Received 19 September 1950) aes 


It is generally accepted that the only alteration in conduction velocity during 
the recovery cycle of a nerve fibre is a decrease during relative refractoriness. 
Cooper (1925) obtained average values slightly higher than unconditioned rate 
during the supernormal phase in frog nerve but concluded this was less than 
experimental error. Graham (1933) likewise came to a negative conclusion in 
her first study, but later (1934) found definite supernormality of rate in stored 
frog sciatics. However, Graham & Lorente de Né (1938) were unable to find it 
in blood-perfused mammalian nerves, and Lorente de Né (1947) explained the 
positive findings as due to poor condition of the nerves. It is the purpose of the _ 
present report to show that many nerve fibres, but not all, normally show 
increased rate, under good conditions, during a considerable period of the 
recovery cycle. es 
METHODS 
The earthworm, Lumbricus terrestris has proved to be the most useful organism for studying this 
phenomenon. It has three giant fibres, a median and two lateral (Rushton, 1945, 1946; Bullock, 
1945), which are favourable for unit analysis, permitting the recording of single fibre potentials in 
the intact, unanaesthetized animal (Rushton & Barlow, 1943; Bullock, Cohen & Foulstick, 1950) as 
well as in strip preparations and isolated cords. Comparative studies have been made on a few or, 
many individuals of the following: using the central giant fibres, the polychaetes Marphysa 
sanguinea (Eunicidae), Glycera americana (?) (Glyceridae), Lumbrineris erecta (Lumbrineridae), 
Neanthes sp. (Nereidae), Kudistylia polymorpha (Sabellidae)—all prepared as midventral strips, 
and the crustaceans Callianasea californiensis (burrowing shrimp, Anomura) and Cambarus clarkii 
as isolated ventral cords; using the large motor fibres in the limb, Cancer productus, Panulirus inter- 
ruptus and Loxorhynchus grandis prepared as teased fragments of the whole nerve; using the sciatic 
nerve isolated or blood perfused in situ, Rana catesbeiana. In most cases the nerves or strips were 
suspended in air on fine platinum electrodes but in some cases an isolated cord was threaded into a 
plastic capillary with electrodes at intervals in the wall, permitting continuous flow of perfusion 
fluid without excessive shunting of the spikes. Nee 

Perfusion fluids were Rushton’s for the earthworm, van Harreveld’s for the crayfish, Ringer’s _ 
for the frog and sea water for all others. Temperature varied from 20° to 27° C. but during any one 
experiment was usually maintained thermostatically within one degree. 

Conventional amplifiers (Grass), stimulators and cathode ray recording have been used. Two or 
more channels of pick-up have been customary. One modification may be mentioned by way of 
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xplaining the figures. The facilitation phenomenon is recognized on the usual plot, action potential 
against time, as a shift of the spike to the left. This is often difficult to see and on successive photo. 
graphs (moving film, during repetitive stimulation) cain be measured to an accuracy of about 
2-5% of the total conduction time. It is more readily noticed visually and more accurately 
estimated on photographs if the action potential is used to brighten the extinguished beam and the 
vertical axis is used instead for a slow sweep which shows the sequence and spacing of the shocks 
in » train. The horizontal axis is swept as usual to give conduction time, a direct measure of con- 
duction rate. This method of automatically plotting could of course be used to express rate against 
interval between shocks but we have found it more useful to graph rate against time since this gives 
the progress of the effect through a number of shocks, each one being a part of the conditioning for 
the next one as well as a test shock ‘for all that has gone before. The autoplot also permits simul- 
taneous recording on a single photographic frame of both proximal and distal pick-ups, and in 
Lumbricus each of the two different giant units. Thus upwards of a hundred points for four in- 
dependent curves are obtained in an exposure of a fraction of a second, showing no scatter and 
allowing small trends to be reliably visualized. 

One other technique has been useful in certain cases: that shown in Fig. 1. Two shocks only are 
used, the first (conditioning) triggers the sweep of the upper beam and the second (test) triggers 
the sweep of the lower beam. The two sweep circuits are first adjusted carefully to exactly the same 
Fig. 1 shows the left shift at 7 msec. interval between conditioning and test 
shocks, no‘shift at long interval and the well known slowing at short interval, 
plotted in the usual way to show spike form. It shows, as do the other figures, 
that the shorter latenc¥ is not due to shorter utilization time; i.e. at the point 
of stimulation, since a proportional shift occurs at proximal and distal electrodes. 
The saving of time occurs all along the fibre, it is measured by the time from 


proximal to distal spike and increases with distance between these. 


Fig. 2 shows a typical result with the automatic plot. The facilitation is much 
greater after the first shock than any later one and reaches a maximum, in this 
case, after the second. From that time on the conduction rate is stable at a 
given frequency of stimulation. In other cases up to six shocks are necessary 
for maximum left shift. Interestingly, this figure is almost independent of 
stimulus frequency over the whole range at which speeding accurs. a 


Time course of facilitation rs 

Fig. 2 shows a greater left shift at the shorter stimulus intervals. If the 
maximum conduction rate is plotted against interval a graph like that shown 
in Fig. 3 is obtained. It will be seen that the facilitation is long lasting, being 
still definite at 100 msec. This figure is often 200 and occasionally 300 msec. 
for the laterals of Lumbricus. It typically follows subnormality of rate without 
any pause and in the earthworm there is characteristically a very short time 
between absolute refractoriness and supernormality of rate (1-8 and 2-3 msec. 
are typical values). The time course of facilitation after a single shock would be 
given by a curve of second response conduction rate against interval. This 
curve is almost identical to Fig. 3 with slightly lower values on the ordinate. 
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Fig. 1. 


Fig. 1. Lateral giants (acting as single unit) in the isolated cord of Lumbricus. Rate of con- | 
_ duction at three intervals between conditioning and test shock. 

Conditioning shock trips upper, test shock starts lower time base; the two adjusted to 
identical sweep rate. Two pairs of electrodes pick up the same impulse proximally and distally 
and these two spikes appear on the same sweep by mixing amplifier outputs. A, is the 
proximal spike to first shock, B, the distal, A, is the proximal spike to second shock, B, distal. 

Upper picture at 500 msec. interval shows no effect of conditioning. Middle picture at 
7 msec. interval shows increased speed of conduction. Note test shock artifact appears also 
on first sweep. Bottom picture at 2 msec. interval shows pronounced slowing. Proximal pick-up 
has been removed to simplify record. 


conventional picture showing stimulus escape, proximal pick-up of median giant, proximal 
lateral, distal median and distal lateral spikes in that order. Note diagram of electrodes. 
Rest of figure made by imposing nerve potentials on Z axis and a slow sweep on Y axis giving 
order and spacing of shocks. 
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Values of conduction rate regularly reach 110% and aeexracay exceed 125°, t 


that of the rested fibre mele lateral). 
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Fig. 3. “Fig. 4. 


Fig. 3. Facilitation as function of shock frequency. Each point represents one determination; 
each curve (fitted by eye) represents one preparation typical of its kind. 


Fig. 4. Facilitation and fatigue in median giant of Lwmbricus. 


| 


Facilitation as function of fatique 


Maintained stimulation at moderate or high frequency gradually fatigues a 
fibre. The earliest sign of this is often a slight slowing of conduction. Fibres of ? 
different species differ greatly in the ease with which they fatigue, most 
invertebrate fibres showing this much more readily than vertebrate fibres 
(cf. Hill, 1950). When already partly fatigued a fibre may recover most of its 
normal conduction rate with a few seconds of rest but is now very rapidly 
fatiguable. Such a fibre is shown in Fig. 4. It still gives a large and clear left 
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shift but only after the first shock. Beginning with the third or fourth it 
steadily fatigues with a rate depending on shock frequency. Now if the latter 
is abruptly reduced after the maximum left shift has been achieved, the curve 
moves promptly to the right farther than it did at the maintained higher 
frequency. This can only mean that in the latter case (Fig. 4, top) although the 
curve is shifting to the right, facilitation is still present, keeping it from shifting 
still faster. Thus the rate of conduction at any moment is determined by the 
equilibrium between left trending facilitation and right trending fatigue plus 
decline of facilitation. It is of course not possible to estimate the proportions 
of these latter two factors, but the fatigue is increasing from a low value 
cumulatively while facilitation is plateauing or declining. : | 

In extreme cases the speed of conduction can decline to 50% of normal 
before failure. : | 
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Fig. 5. Facilitation of conduction rate and supernormal excitability, Lwmbricus laterals. Each 
point is a determination. The two measurements were made rapidly at each shock interval, 
several cycles of increasing and decreasing intervals being represented. Values calculated from 
a sliding 100% level based on an unconditioned determination after every conditioned one; 
this drift never exceeded 5%. Nerve cord in capillary tube with continuous flow of perfusion 
fluid. Circles =rate, crosses = excitability. ; 


ond excitabili 

Fig. 5 shows the time course of these two parameters in the same preparation 
determined as nearly simultaneously as possible. It will be seen that they 
are roughly parallel as far as the number of points permits estimation by 
inspection. Rapid and accurate determination of excitability is difficult in the 
single fibre since it must be by trial and error. No great accuracy can be 
claimed for these values, therefore. The unconditioned threshold was repro- 
ducible over many minutes to within 5%. Thus the time course of super- 
normality is probably correctly shown although the scatter is often large. Other 
experiments of this kind have given the same result, both with frog sciatic 
(confirming Graham, 1934) and with earthworm laterals. 
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’ The correlation, however, is not exact. Individual determinations in the 
experiment of Fig. 5 (see especially 3 msec. interval) and others like it show 
that subnormal excitability may exist at a moment when conduction rate 


msec, x 10? 


msec. 
: Fig: 6. Facilitation in frog sciatic A fibres. 


. is above normal. This is not due to a rapid fluctuation of threshold occurring 

| ' between two determinations which are necessarily not simultaneous. The 
threshold may remain stable for minutes so that the observation may be 
repeated many times. The reverse also occurs, subnormal rate while excitability 
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is supernormal. The supernormal period of excitability has outlasted that of 


conduction rate in a number of animals (Callianassa, Rana, nore in 
individual sessment and has started earlier in some. 


Comparative survey 
The seonenty. of speeding up with antecedent activity is a quite consistent 
characteristic of the fibre. Only a few preparations of the earthworm have not 
shown it—none latterly, with presumably more reliable methods. Consistently 


the median giant displays much less shift than the laterals, The time course _ 
_ (Fig. 3) in many experiments has regularly had a maximum at 5-8 msec. and 


@ maximum duration of 100-300 msec. The phenomenon is not a product of 
certain kinds of treatment, apparently. It has been found alike by several 
experimenters in this laboratory, in fresh and old preparations, in the isolated 
cord, the strip and in the intact, unanaesthetized worm. One isolated cord was 
repeatedly tested for 5 days and showed very nearly the same time course and 
percentage speeding throughout this period with no definite trend toward 
increase and an uncertain trend toward decrease. 

_ The question arises whether the phenomenon is a special case based on features 
peculiar to the earthworm such as segmental septa. A wide variety of other 
nerve fibres have therefore been tested—septal and non-septal, central and 
peripheral, nodal myelinated and non-nodal thinly myelinated. Consistent 
supernormal conduction rate has been found in the dorsal median giant fibre 
of Lumbiineris (central, non-septal). The central giants of Callianassa, recently 
described by Turner (1950), have almost always shown speeding though some- 
times only a small percentage. Frog sciatic A fibres (Fig. 6) speed up by more 


than 10% but only after half a dozen shocks at optimal frequency, i.e. the 


amount of speeding that would be detected by a simple two-shock technique is 
very small. We have seen the supernormal rate both in isolated nerve and in 
blood-perfused sciatic in situ. 

The facilitation of rate has not been seen under any conditions in leg motor 
fibres of crabs and lobsters (named above under Methods), in the central lateral 
giants (septal) or medials (non-septal) of crayfish or in the central giants of the 
polychaetes Fudistylia, Marphysa, Glycera or Neanthes. The last-named is 
septal (Stough; 1926), the first certainly and the other two probably not. 


DISCUSSION 


It can be taken that the property concerned is real, is physiologic, is consistent 


in those fibres which show it. It is not correlated with the special features of 
invertebrates, with the presence or absence of septa, of nodes, of thick myelin 
sheath, of a central environment or of cell bodies. It is roughly correlated with 


the presence and time course of supernormal excitability, but either may 


apparently exist without the other. This last is open to the objection that while 
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the rate measurement averages the condition of a long stretch of fibre, the 
threshold determination applies only to one locus which may be atypical. 
Nevertheless it seems very doubtful that the facilitation of rate can be ex- 
plained as due only to supernormal excitability as conventionally measured. 
It is conceivable that the excitability of the local response mechanism, pre- 
sumably by-passed in ordinary electrical stimulation, behaves somewhat dif- 
ferently from that of the all-or-none spike and that this could account for 
increased rate of propagation. That is, the steepness of the curve of local 
response amplitude with increasing subthreshold stimulation, or what may be 
the same thing, the rate of rise of local response as an impulse approaches a 
given locus, may vary separately from the fluctuations of critical level for spike 
initiation, which is what we-ordinarily call threshold. } e 
The magnitude of the speeding is sufficient to make milliseconds of difference 
in the latency of a response in the earthworm, tenths of milliseconds in the frog. 
Whether this can have functional significance is conjectural. 
It would appear to be a fair analogy and not necessarily artificial to compare 
the present property of certain nerve fibres with that of facilitation of synaptic 
delay characteristic of certain synapses (Eccles, 1936; Lorente de N6, 1939; 
Roeder, Kennedy & Samson, 1947). This would add one more similarity to the 
_ long list now known pointing to a basically common mechanism for nerve con- 

duction and junctional transmission (Erlanger, 1939; Gasser, 1939; Nachman- 
sohn, 1950; Bullock, 1951). | sa 

SUMMARY 

1, The giant fibres of the earthworm conduct impulses at a supernormal rate 
when conditioned by antecedent impulses. This phenomenon is called facilita- 
tion of conduction rate. 
2. The facilitation reaches a maximum after a few impulses, usually from 
two to five. This figure is almost independent of stimulus frequency. | 
3. Facilitation begins within a few tenths of a millisecond of absolute 
refractoriness, i.e. about 2:3 msec. after the conditioning shock, increases to a 
- maximum of 10-20% supernormality of rate at about 6 msec. and declines 
slowly, being still perceptible at 100-200 msec. : | 
4: With maintained stimulation at facilitating frequencies the supernormal 
rate gradually gives way to fatigue, but it is possible to show that facilitation is 
still present. 
5. The time course of facilitation of rate is parallel to that of supernormal 
excitability within the accuracy of these measurements in the same prepara- 
tion. However, individual points are not uncommon when supernormal rate 
obtains at a time when the excitability is subnormal and vice versa. This may be 
due to locally atypical excitability under the stimulating electrodes. But the 
parallelism is sufficiently imperfect that it does not seem possible at present to 
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explain the facilitation of rate as a simple consequence of supernormal excit- 
ability. The possibility of supernormality of the local response mechanism i is 
suggested. 

6. The property of facilitation is a consistent characteristic of the fibre type. 
It is not a result of poor condition of the preparation. It differs characteristically 
between different giants in the same and in different species. It is present in 
_ Lumbrineris, Callianassa and Rana as well as Lumbricus but has not been found 
in Neanthes, Glycera, Marphysa, Eudistylia, Cambarus, Cancer, Panulirus or 
Loxorhynchus. 

7. It is proposed that the phenomenon is basically analogous to the facilita- 
tion of synaptic delay characteristic of certain junctions. _ | 


The technical assistance of Mrs Lillian 8. Berkowitz and grants-in-aid from the University 
Research Committee, the Rockefeller Foundation and the United States Public Health Service are 
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THE VARIATIONS OF HUE DISCRIMINATION WITH 
CHANGE OF LUMINANCE LEVEL 


By L. C. THOMSON ann P. W. TREZONA 


From the Vision Research Unit, Imperial College of Science and 
Technology, London, and the Institute of Ophthalmology, London 


Whilst measuring for another purpose the hue discrimination curve by the 
method used by Pitt & Wright (1934) the authors obtained values for the just 
noticeable difference of wave-length at each wave-length which were found to 
vary with luminance level. This effect has been investigated with two observers; 
one with normal and the other with protanomalous vision. The effects of varia- 
tion with luminance were greater for the protanomalous than for the normal 
observer. 
METHOD 


The Wright colorimeter (1946) was used with a square field subtending 1° 20’ at the eye. The upper 
half could be set at any desired wave-length and luminance, whilst the lower_could be adjusted 
for both by the observer. This method of measurement enabled the value of the just noticeable 
wave-length difference to be determined at any desired luminance level. The observation consisted 
of adjusting the wave-length of the lower half of the field until its colour was just noticeably 
different from that of the upper field, when the luminance of the two halves had been equated. 
This was done by alternate adjustments of wave-length and luminance by the observer until a | 
satisfactory setting was obtained. 

Observers. Of the two observers used, one, L.C.T., has normal colour vision and the other, 
_ P.W.T., protanomalous vision. P.W.T. requires a larger amount of the red stimulus in her 
_ yellow match but.the difference between hers and the normal match is slight. Her luminosity 
curve, however, is similar in the orange and red region of the spectrum to that obtained for 
protanopic vision (Thomson, 1951) | 

Procedure. Measurements began as soon as the observers had arrived at the colorimeter, since it 
was found that an initial period of dark adaptation did not influence the results. A wave-length 
setting was chosen for the upper field and the observer asked to adjust the lower field in the way 
indicated above. One reading only was taken. This was repeated for various luminance values of 
the upper field, which were presented to him in random order. Then another wave-length setting 
was chosen at random from a series placed at 20 my. intervals throughout the spéctrum, and 
stretching as far into the red and violet as the instrument would allow. Further observations at 
various luminance levels were then obtained. Between three and six wave-length settings were 
found to be sufficient for one observational period on any one day and the experiment was continued 
; on subsequent days until three readings had been obtained at each setting. 

It is possible to perform the measurements in two. ways; the lower field may be made either more 

red or more blue than the upper. In these experiments the results for steps towards the red were 
all obtained in one series and those for steps towards the blue in another. 
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The method of viewing was different for each observer. Whilst P.W.T. continually scanned the 
field, L.O,T. made « series of glances, always fixating on the centre of the field and making his 
judgement with the eye in this position. The results obtained by L.C.T.’s method might be 
influenced, to some extent, by any non-uniformity of spectral sensitivity of the retina above and 
below the fixation point. This would not apply to the measurements made by observer P.W.T. 

Spectral sensitivity measurements. By providing a minute red (650 my.) fixation point directly _ 
below the centre of the lower side of the upper field, it was possible to measure the spectral sensi- 
tivity of the eye of each observer at the threshold of vision. A glance technique was used by both 
observers and at each wave-length the energy of the upper field was at first increased until this 
field could just be seen and then decreased until the observer just failed to see the field. The mean 
of these two readings, which were repeated on three separate days, was taken as a measure of the 
threshold light energy. 

Spectral sensitivity curves were also measured by a flicker method at higher luminance levels, 
and were found to be similar in shape to the threahold curve. 
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Fig. 1. The hue discrimination for two observers for various luminance levels. Steps taken in the 
blue direction. Ordinates indicate the mean wave-length of the test field when the measure- 
ment is complete. The figures to the right of each curve give the wave-length of the comparison 
field, The vertical bars indicate the value of the standard error of the mean at the points 
shown. 
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RESULTS 
In Figs. 1 and 2 the ordinate records the wave-length of the lower field, and the 
abscissa log intensity, adjusted so that the zero position corresponds with the 
energy required at each wave-length to reach the threshold of vision. Since the 
spectral sensitivity curve was of constant shape for the field size and range of 
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Fig. 2. The hue discrimination for two observers for various luminance levels. Steps taken in the 
red direction. Ordinates indicate the mean wave-length of the test field when the measurement 
is complete. The figures to the right of each curve give the wave-length of the comparison 
field. The vertical bars indicate the value of the standard error of the mean at the points 
shown. 


energy values used, any abscissal value represents the same luminance for all 
wave-lengths. Each point, which is the mean of three readings, represents, at 
the luminance level shown, the mean wave-length of the lower field when the 
upper comparison field has the wave-length value shown at the right-hand side 
of the diagram. The size of the wave-length step AA, corresponding to a just 
noticeable hue discrimination step, is thus the difference between the ordinate 
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value at any point and the value shown to the right of the series in which that 
point occurs, The smooth curves were drawn free-hand to be a good fit to the 
points. 

In Fig. 1, curves for wave-lengths 680 and 700 my. are shown for clarity as 
dotted lines as they lie almost* exactly over the 660 my. curve. Thus the 
spectrum on the red side of 660 my. cannot contribute anything to hue 
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Fig. 3. The variation of log AA with wave-length for two observers and for six luminance levels. 
Steps in the blue direction shown above and in the red direction below. The black points give 
the values of log AA found with a field of size 15’ in observer L.C.T. by Thomson & Wright 
(1947). 
Log unite above the threshold of vision: —— =3-0; -- =2-5; -++++=2-0; --- =1+5; 
210; —— =0-7, 


The standard error of thamean, determined from the formula 4/2(a)?/n(n —1) 
where z is the difference of wave-length between an individual reading and the 
mean of the group in which it occurs and n the number of readings (three in 
this case), is plotted, where appreciable, as a bar above and below the mean. 
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In considering the magnitude of the standard error, it should be remembered 
that the mean is taken from three readings made on different days. It would 
thus be expected to have a larger value, but to be a better estimate of total 
errors, than if the three readings had been made consecutively. Another 
advantage of taking the three readings on different occasions and using a 
random order of presentation, is that the mean cannot be affected by any 
tendency on the observer’s part to set the colorimeter ‘by hand’ instead of 
“by eye’. 

Tig. 3 shows the values of log AA (the use of the log scale is merely for 
convenience) against A, the wave-length of the comparison field, for various 
luminance levels and for both directions of observation in each observer. The 
values for this figure have been obtained by interpolation in Figs. 1 and 2 by 


- means of the free-hand curves. 


Combination of red and blue steps. It has been the practice, in the past, to 
combine in some way the results obtained when moving towards the red, with 
those measured when moving to the blue, so that a total hue discrimination 
curve may be presented for the whole spectrum without the need to specify in 


which direction the measurements are to be made. Such a combination must — 


be, to some extent, artificial, since any combination curve has to.deal with the 


middle region of the spectrum in which steps are measured in both directions; 


the red end in which steps can only be measured in the blue direction and the 
blue end where the movement is towards the red. 

Pitt & Wright (1934) made the combination in the following way. At a 
wave-length A, the just perceptibly different wave-lengths are Ap in the red 
direction and A, in the blue. Then for the central region of the spectrum, 
(Ap—Ag)/2 was plotted against (Ag+Ajg)/s. In the red, (A—Ag) was plotted 
against (A+A,)/,. In the blue, (Ag—A) was plotted against (Azg+A)/,. Using 
this method of calculation, the final hue discrimination curve cannot be 
considered as one curve. Furthermore, the different parts do not always join 
smoothly, leading to secondary minima. 

In the case of observer P.W.T., a graphical combination of results was 
possible as shown in Fig. 4A. Here the values for log (Ap—A) have been 
plotted against (Az+4A)/, together in the same diagram with the values for 
log (\—Ag) against (A+A,)/s. Sinee there is substantial agreement between these 
two sets of data a smooth combination is easily effected graphically, but in the 
ree of observer L.C.T. such a combination was impossible as may be seen in 

AB. 

With the viewing technique adopted by this observer, irregularities in the 
spectral sensitivity of the retina may have affected the values obtained for A). 
If the upper (comparison) field had a spectral sensitivity relative to the lower 
such that a given wave-length appeared more red, then instead of the wave- 
length of the upper field being A it would effectively be A+8A, i.e. some other 
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redder wave-length which, if applied to the lower field, would match it exactly 
in colour. Steps on the red side would then be measured as (Ap—A) when 
physiologically they were {Ay —(A+5A)} and steps on the blue side would appear 
as A~A, when they would really be {(A+8A)—A,}. Evidence for such a red 
displacement of the appearance of the comparison field has already been 
published for this observer (Thomson, 1946), and it seems probable that the — 
discrepancies shown between red and blue steps in these results can be accounted 
for by such a displacement. | 
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Fig. 4. A combination of the results for steps towards the blue with those towards the red. 
A, a graphical combination for observer P.W.T.; B, an attempt at the same graphical com- 
bination for observer L.C.T., showing the impossibility of combining the two full curves or 
the two dashed curves; C, a combination for observer L.C.T. by the method of Pitt & ~ 


Wright (1934). The dotted portion of the curve is derived from steps in either the red or blue 
direction only. 
Symbols: 


log 
log 
log. lum. 30 © Blue; @ Red. 
log. lum. 0-7 @ Blue; @ Red. 
log. lum. 1:5 © Blue; @ Red. 


By using the combination method of Pitt & Wright this displacement error 
can be eliminated over the central spectrum since neither the effective nor the 
real value of A, the wave-length of the comparison field, is used in the calcula- 
tion. Such a combination is shown for three luminance levels in Fig. 4C and 
the ends of the curve, to which only red or blue steps contribute, are shown as 
dotted lines. 

There is, at each wave-length, a range of luminance levels within which the 
value of Ad is unaffected by luminance. This range corresponds to the minimum 
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value of AA for that wave-length. A hue discrimination curve, showing the 
value of AA taken from such’a range at each wave-length, has the advantages 
that, unlike the curves for the highest luminance level, it covers the whole 
spectrum, and, at the same time, gives the minimum discrimination step 
throughout the whole spectrum; it is least critical to variations in the energy 
content of the field. For certain wave-lengths the energy setting 18 so un- 
critital that a factor of 100 produces no appreciable change in AA, For the 
most critical wave-lengths, a factor of 2 may produce a 30% variation 
in AX. Fig. 5 shows curves derived in this way and it is these which may best 
be compared with that published by Pitt & Wright (1934) for observer W.D.W. 
For L.C.T. the combination of red and blue steps has been performed by the 
method of Pitt & Wright and for P.W.T. by the graphical method outlined 
above. 


420 440 460 480 500 520 540 560 580 600 620 640 660 
Wavelength mu. 
Fig. 5. The hue discrimination curves for the two observers derived by the most suitable method, 
as discussed in the text, and compared with the curve for W.D.W. as given in Pitt & Wright 
(1934). 


The protanomalous nature of vision in observer P.W.T. is well shown. 


| DISCUSSION 

The grouping of the curves at the ends of the spectrum. The deterioration of hue 
discrimination with lowering of the luminance level shown in Fig. 3 appears to 
be in the same proportion for all wave-lengths except those at the ends of the 
spectrum. The preservation of discrimination in the red and blue leads to a 
grouping together of the curves in Fig. 3. 

The grouping in the red may be explained as follows. It was found that 
discrimination did not exist between wave-lengths 660 (approx.) and 700 mp. 


Thus a step measured from the far red towards the blue will be composed of 


A’A, which does not contribute to the discrimination, and A’’A, which does. 
If on lowering the luminance level the size of the discrimination step is 
increased in the same proportion for all wave-lengths, then one would expect 
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only A’’A to be affected. If A’A is much larger than A’’A this would result in a 
grouping of the curves. Since the results in Fig. 3C and D have been taken 
as far as possible into the red without entering the region of no discrimination 
beyond wave-length 660 my., and since these results do not show grouping of 
the curves in the red, it is probable that the grouping shown in this region in 
Fig. 3A and B is due to the large contribution made by A’A to the value of AA. 
Such an effect might be expected to occur again in the blue, but the grouping 
of the curves here is shown in the graphs for steps taken in both directions. 
This means that discrimination is possible further into the blue than the point 
at which grouping occurs, and the explanation given above is insufficient. The 
preservation of discrimination at low luminance in the blue and violet suggests 
that the visual mechanisms responsible for hue discrimination at these wave- 
lengths are different from those which cover the rest of the spectrum, where 
they are such that with decreased luminance there is an increase in AA which 
is in the same proportion for different wave-lengths. 

Foveal tritanoyia. Hartridge (1947) regards the changes of visual performance 
produced by lowering the light intensity in a field of normal size (1° 20’ say) 
as sensibly equivalent to those given by maintaining the light intensity and 
reducing the size of the viewing field (say to 15’). The present results do not 
support such an idea, since they show that lowering the intensity with a field 
size of 1° 20’ gives the same proportional increase in the size of A) in the yellow _ 
(580 my.) and in the blue-green (500 my.). Reduction of field size has a dif- 
ferent effect, which is shown in Fig. 3 by the points which should be compared 
with the curves for the lowest luminance levels. These values of log AA are taken 
from a paper by Thomson & Wright (1947) and refer to a field size of 15’ and 
light of medium intensity. Although reduction of the field size produces a 
deterioration of discrimination which is comparable in the blue-green with that 
produced by lowering the luminance of a 1° 20’ field, there is relative sparing of 
discrimination in the yellow and orange region of the spectrum. The deteriora- 
tion of discrimination at 500 my. with relative sparing at 580 my. is charac- 
teristic of the colour blindness defect known as tritanopia. 

The number of minima in the hue discrimination curve. The number of minima 
in a hue discrimination function have often been taken as indicative of the 
number .of visual mechanisms contributing to colour vision under the conditions 
in which the curve was measured. If a small change of wave-length causes a 
reduction of response in one mechanism and, at the same time, a comparable 
increase of response in another, it is usually held that at such a spectral 
position there will be a point of good hue discrimination, i.e. a minimum in the 
curve. Thus it is important to decide how many minima the curve shows. 

The present results demonstrate the three established minima in the curve 
at 440, 495 and 595 mp. and also throw light on the disputed minimum 
between 610 and 640 my. This latter minimum has been found by Steindler, 
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Jones and Laurens & Hamilton but not by Kénig & Dieterici, Pitt & Wright 4 
nor MacAdam (see Wright, 1946). In our results this red minimum appears to 
be due to the way in which the results are presented. In Fig. 5 the portion 
represented by the dotted curve at red wave-lengths 1 is derived from data which 
refer to steps in the blue direction only. This part is joined, in the method of 
Pitt & Wright, to the central portion of the curve, which is calculated from 
data derived from steps in both directions. At the point of junction a small f 
inflexion is shown which can be altered in spectral position by combining the 
curves at another point. Such an inflexion never occurs when either the red or 
the blue steps are plotted separately. On the other hand, the same argument 
might apply to the minimum at 440 my. This minimum remains, however, at 
440 mp. no matter what point is used to join the curves together. 

Since it is not. possible, at any rate for the present size of field, to obtaindata 
for steps in the red direction for wave-lengths beyond 620 mu., it seems probable 
that the minima previously reported in the red are, in fact, produced by adopting 
a method of presentation of the results which is not justified. 


SUMMARY 


1. The hue discrimination of the eye has been measured with a 1° 20’ field 
in the Wright Colorimeter at various luminance levels for two observers, one 
with normal and the other with protanomalous vision. 

2. With reduction of luminance, discrimination deteriorates in the same 
proportion for all wave-lengths between 620 and 490 my. In the red the 
deterioration, for experimental reasons, appears to be less than it actually is. 

In the blue the deterioration is also small but here the difference of behaviour 
from the central spectral region is probably due to differences of visual | 
mechanisms. 

3. Tritanopia is not found with the 1° 20’ field at low luminance levels. 

_ 4, A possible explanation of the apparent presence of a minimum in the 
~ curve, reported by some — writers, between 610 _ 640 my. has been 
given. 

Our thanks are due to Dr W. D. Wright for the unrestricted use of his apparatus and department 


and alsé for much valuable discussion. We should also like to thank the Medical Research Council 
for their continued support for Visual Research at Imperial College. 
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THE ACTION OF DI-ISOPROPYLFLUOROPHOSPHONATE 
ON THE CENTRAL NERVOUS SYSTEM OF THE CAT 


By MARY CHENNELLS, W. F. FLOYD anp SAMSON WRIGHT 


From the Department of Physiology, Middlesex Hospital 
Medical School, London, W. 1 * 


(Received 2 October 1950) 


Previous work (references in the paper by Calma, 1949) has shown that anti- 
cholinesterase drugs of the carbamic ester type (i.e. containing a substituted 
urethane group) have an action on the central nervous system. Both excitation 
and depression have been observed, the results varying with the species, the 
type of preparation, the anaesthetic, the route of administration of the drug 
and the dosage. 

The alkyl phosphates, which have an entirely different chemical constitution, 
also have a powerful anticholinesterase action (full references in the review by 


-Koelle & Gilman, 1949). The action of two of these, viz. hexaethyltetraphosphate 


(HETP) and tetraethylpyrophosphate (TEPP), on the central nervous system 
and on the nerve muscle preparation of the cat, has already been reported 
(Chennells, Floyd & Wright, 1949). 

The present paper es with the action of di-isoptupyifiuarophorphanste 
(DFP) on the central nervous system of the cat, and our results show that DFP 
is a central excitant or depressant according to dosage. A preliminary report 
on some of this work has already been published (Chennells & Wright, 1947). 


METHODS 


Cats were used under chloralose anaesthesia (0-08 g./kg. body weight), under dial anaesthesia 
(0-6 c.c./kg.), or after decerebration at the mid-collicular level. In some experiments with cats 
under chloralose anaesthesia, and with decerebrate cats, spinal transection in the mid-thoracic 
region was subsequently made. After fixation of the limbs by means of drills, nerve-muscle and 
reflex responses (flexor reflex, knee jerk and crossed extensor reflex) were elicited and recorded as 
described in an earlier paper (Chennells ef al., 1949). Action potentials were recorded from the 
muscle, sometimes by belly-tendon leads (3/1) as described in that paper, and at others by con- 
centric needle electrodes (c.n.) (Adrian & Bronk, 1929), any lead being connected at will to the 
amplifier system by means of a selector switch. Arterial blood pressure was recorded from the 
common carotid artery. 
The DFP was dissolved in propylene glycol to form a 2% solution, and diluted with saline from 
this stock solution when required for injection. sme: alata 
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i the level of the seventh lumbar 
injected intrathecally (Calma & Wright, 1947), approximately at 
vertebra. Intravenous injections (into the central end of the jugular vein) were also made for 
comparison; in some of these experiments atropine was given. | 


RESULTS 


In all experiments mechanical and electrical records were made from the nerve | 
muscle preparation to ensure that the effects ascribed to, the central action of 
DFP were not in any way due to peripheral potentiation. Any peripheral 
action would be revealed by increase in size of the mechanical record of the 
nerve muscle response and repetitive firing in the electrical response (Brown, 
Burns & Feldberg, 1948). The effects, described in this paper as following an — 
intrathecal injection of DFP, were not accompanied by any such peripheral 
change, thus indicating that the DFP had not been absorbed into the general 


circulation but was exerting its influence on the central nervous system. 


Fig. 1. Cat, 2-5 kg. Chloralose. Records from above downwards are: Knee jerk (x.s.)—recorded 
from the right leg in response to tapping the patellar tendon with an automatic hammer once 
every 12 sec. Additional deflexions at the right of this record are crossed extensor reflex 
(x.EX.) in response to stimulation of central end of cut contralateral popliteal n. Nerve 3 
muscle response (N.M.)}—recorded from the left isolated quadriceps m. in response to stimu- 
lation of the peripheral end of the cut femoral n. at the rate of 1 in 7 sec. Flexor reflex (F1.)— 
recorded from the left isolated ant. tibial m. in response to stimulation of the central end of 
cut ipsilateral popliteal n. at the rate of 1 in 10 sec. Arterial blood pressure (B.P.). DFP 
0-5 mg. in 0-5 c.c. volume injected intrathecally where shown. | 


Control observations with propylene glycol. As propylene glycol was always — 
present in the injected fluid, control intrathecal injections were given containing 
the same amounts of propylene glycol, in saline, as were present in the drug _ 
injections. The propylene glycol produced no significant changes in ‘arterial 
blood pressure, reflexes or peripheral nerve-musele response. 

The central action of DFP in intact cats wnder chloralose anaesthesia. The 
central action of DFP is well illustrated in Fig. 1. It shows the potentiation 
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of reflexes by an intrathecal injection of 0-5 mg. DFP. The records from above 
downwards are of knee jerk, nerve muscle preparation and flexor reflex. 
Increase in the amplitude of the flexor response began about a minute after 
the injection, and peak potentiation was reached after 4 min. No increase in 
the knee jerk had occurred by this time, though it began immediately after- 
wards and reached its peak 8 min. later. At 5 min. after the injection a crossed 
extensor reflex made its first appearance. The nerve muscle response was 
unchanged throughout the experiment as regards both the mechanical record 
and action potentials (B/T leads), indicating that the effects described could not 
be attributed to any leak of the DFP into the peripheral circulation. 


Control After DFP ——___» 


A 
(ii) (iii) 
<——— After DFP ——_——_> 
B 
(i) (ii) (iti) 


Fig. 2. Effect of DFP on action potentials from quadriceps m. (knee jerk—x.J.). A. Cat, 2-9 kg. 


Chloralose, »/r leads: (i) K.3. control; (ii) xa. 3 min. after 2 mg. DFP 1.1u.; (iii) K.J. 8 min. 
after a second 2 mg. dose. B. Cat, 3-5 kg. Chloralose, B/T leads: (i) K.J. control ; (ii) K.J. 6 min. 
after 3 x 2 mg. DFP 1.7x; (iii) x.s. 16 min. after (ii). Sweep duration =40 msec. 


The knee jerk. The electromyogram of the knee jerk, recorded with B/T leads, 
is usually a diphasic wave. The duration varies from 25 to 40 msec., the longer 
durations being due largely to a prolongation of the final limb of the second 
phase of the wave. Potentiation of the knee jerk after intrathecal DFP 
produces increase in amplitude or duration of the electromyogram. Increase in 
amplitude is illustrated in Fig. 2 A. Here the knee jerk was absent in the control 
records Fig. 2A (i). Fig. 2 A (ii) shows the response 3 min. after 2 mg. DFP 
given intrathecally (mechanical record amplitude 5 mm.) and Fig. 2A (ui) at 
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8 min, after a second 2 mg. (mechanical record amplitude 20mm.). Fig. 2B is 
from another experiment and shows increase in both amplitude and duration. 
Fig. 2B (i) is the control record (mechanical record amplitude 14mm.). Fig. 2B 
(ii) is after 3 doses each of 2 mg. DFP, given intrathecally (mechanical record 
jamplitude 18 mm.). The amplitude of the diphasic response was unchanged but 
the total duration was increased to 150-200 msec. by the addition of irregular 
secondary waves of small amplitude. Potentiation of the knee jerk was | 
progressive: Fig. 2B (iii) was taken 16 min. after Fig. 2B (ii), no further 
injection having been given. Secondary waves were still present but, in 
addition, there was increased amplitude of the main wave (mechanical record 
amplitude 34 mm.). Mechanical records taken with a fast drum speed showed 
no increase in duration. 

In the experiment from which Fig. 1 is taken the electromyogram of the 
knee jerk, recorded with c.N. leads, was a simple diphasic response lasting about 
10 msec. Six minutes after 0-5mg. DFP, given intrathecally, the amplitude of 
- the action potential was increased but the form was unchanged. No other 
pattern of response could be found by alteration of the position of the electrode. 
The increase in amplitude is presumably indicative of an increased number 
of motor units firing synchronously. The amplitude of the corresponding 
mechanical response was double that of the control. 


<—— Fi.single,B,T ———> 
Control After DFP Control After DFP 


Fig. 3. Cat, 3-5 kg. Chloralose. Effect of DFP on action potentials from ant. tibial m. (flexor reflex 
—FI.): (i) Fl. leads, control; (ii) Fl. leads, 16 min. after 1 mg. DFP 1.1u.; (iii) Fl. o.N. 
leads, control; (iv) Fl. c.n. leads, 24 min. after 1 mg. DFP 1.rx. Amplification in (iv) 0-7 x that 

in (iii), Sweep duration =40 msec. 


The flexor reflex. In the experiment illustrated in Figs. 3 and 4, strong reflexes 
were present in the controls. Fig. 3 shows flexor responses to single maximal 
afferent volleys. In the controls, Fig. 3 (i), the action potential recorded with 
B/T leads was a complex discharge of low amplitude lasting about 60 msec. 
After 1 mg. DFP intrathecally the amplitude of the action potential was 
increased and the pattern changed. It now consisted of several well defined 
waves indicating synchronous firing of more motor units, Fig. 3 (ii). The 
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control action potentials for concentric needle leads in Fig. 3 (iii) consisted of 
a complex pattern of waves occupying in all about 120 msec., the larger 
amplitude waves occurring initially (i.e. in the first 60 msec.) representing 
synchronous firing of many units. The action potential (c.n.) after this same 
injection was increased in amplitude, Fig. 3 (iv), so that the amplifier gain had 
to be reduced to 70%, of its value in Fig. 3 (iii) in order to record the response 
F=5, B/T 
Control After DFP 


FL. F= 
Control »F=10,B/T 


After DFP 


(iii) 


After DFP 


F=10 
Control 


¥ 


(i) (li) 


(viii) 


(vi) | (vii) 


Fig. 4. Cat, 3-5 kg. Chloralose. Effect of DFP on flexor response (F'1.) of ant. tibial m. to afferent 
stimuli at frequencies 5 and 10/sec.: (i) Fl., F =5, leads, control; (ii) Fl., F =5, 3/7 leads, 
23 min. after 2 x 1 mg. DFP 1.1u.; (iii) Fl., F =5, mechanical record, control; (iv) Fl., F =5, 
mechanical record, 16 min. after 2 x 1 mg. DFP1.Tu. ; (v) Fl., F =10, mechanical record, control ; 
(vi) Fl., ¥ =10, mechanical record, 16 min. after 2 x 1 mg. DFP 1.TH.; (vii) FL, F=10, 3/t leads, 
control; (viii) F., F =10, 8/1 leads. 23 min. after 2 x 1 mg. DFP1.TH. Sweep duration =40 msec. 
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without overloading. The synchronous firing now lasted about 120 msec., and 
was followed by a further 200 msec. of more random discharge. The longer 
duration of discharge after intrathecal DFP is evidence of a prolonged repetitive 
discharge of the same anterior horn cells, or recruitment of further units, or 
some combination of both: The amplitude of the mechanical records began to 

Control After DFP Control 


(i) (ii) 

Fig. 5. Cat, 2-5 kg. Chloralose. Effect of DFP on flexor response (F1.) of ant. tibial m. to afferent 
stimuli at frequency 5 persec.: (i) Fl., F =5, o.n. leads, control; (ii) Fl., F =5, o.w. leads 14 min. 
after 0-5 mg. DFP 1.7u.; (iii) Fl., F=5, mechanical record, control; (iv) Fl., F =5, mechanical 
-Tecord 14, min. after 0-5 mg. DFP ura. Sweep duration =40 msec. 
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S, increase about 1 min. after the injection; those corresponding to Fig. 3 (ii) and 
(iv) were more than double those of the controls. 

Flexor responses to a range of frequencies (F =1 to F = 100 stimuli per sec.) 
were also potentiated by intrathecal DFP. The mechanical record showed 
increased amplitude of the initial deflexion, at each frequency tested, and the 
corresponding electrical discharge was of increased amplitude and more 
synchronous. As in the control mechanical records the contraction was 
diminished in amplitude after the initial deflexion, but not so markedly as 
in the controls: the electrical records show corresponding changes in amplitude 
and complexity. This is illustrated in Fig. 4. The controls of the action 
potentials (B/T leads) and mechanical record for F =5 are shown in Fig. 4 (i) 
and (iii) and for F’=10 in Fig. 4 (vii) and (v). The potentiated mechanical 
responses 16 min. after a second 1 mg. dose of DFP, given intrathecally, are 
shown in Fig. 4 (iv) and (vi). The electrical responses shown in Fig. 4 (ii) and 
(vili) were recorded 7 min. later, by which time the mechanical responses had. 
begun to decline. 

Analogous records from another experiment (the same as for Fig. 1) with 

|, C.N. recording are shown in Fig. 5. The control record, Fig. 5 (i), of the flexor reflex 
at F=5, shows that the electrical responses after the first of a series are much 
depressed. The corresponding mechanical record, Fig, 5 (iii), shows that the © 
initial tension is not maintained. Fig. 5 (ii) and (iv), taken 14 min. after 0-5 mg. 
DFP given intrathecally, show that both electrical and mechanical responses 
are better maintained, though there is still considerable depression of the 2nd, 
and 4th responses. 

Definite evidence of an increased number of motor units in action following 
intrathecal injections of DFP is shown in Fig. 6. The control action potential 
of the flexor response, Fig. 6 (i), recorded with B/T leads, was unusual in that 
it was a well defined simple diphasic wave. After 2 mg. DFP given intrathecally 
the response was markedly increased in amplitude, but of the same shape, — 
Fig. 6 (ii). The corresponding mechanical records, on the right of Fig. 6, show 

:, a 6-fold increase in amplitude which appeared after a latency of about 10 min. 
In this experiment, the flexor response to the stimulation frequency range F = 1 
to F =500 was absent in the controls, except for a single deflexion at F =500, 
Fig. 6 (iii). After 2 mg. DFP given intrathecally there were large responses at 

all stimulation frequencies, Fig. 6 (iv); the responses were maintained throughout 
the period of stimulation at F=1, F =2 and F=5, and consisted of an initial — 
deflexion only at F=10 to F=500. A single crossed extensor response, 
previously absent, occurred at the higher frequencies. mae 

A further example of potentiation of the flexor reflex is shown in Fig. 7. In 

t this experiment (that from which Fig. 2B was taken) the flexor reflex, Fig. 7 (i), 
. | was present in the controls; at F=2 the response was no longer maintained 
} at the initial amplitude throughout the period of stimulation, and at F = ; and 
PH. OXIV. 
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higher stimulation frequencies consisted of an initial deflexion only. No 
crossed extensor reflex was present, Fig. 7 (ii). Fig. 7 (au) shows the responses 
after 4 doses of DFP, each of 2 mg., given intrathecally. The amplitude of the 
initial response was increased at all frequencies of stimulation. In addition 
the responses were better maintained, especially at F=2 and F=5. The 


—— 
Controls 


(i) 


Fl. frequency range (il!) 


frequency range (iv) 
Fig. 6. Cat, 1-9, kg. Chloralose. Effect of DFP on flexor responsé (F'l.) of ant. tibial m. : (i) F'., single, 
leads, control; (ii) Fl., single, leads, 22 min. after 2 mg. DFP 1.1x.; (iii) Fl. mechanical 


records on slow drum, showing ‘frequency range’, controls; (iv) Fl. mechanical records, 
‘frequency range’, 22 min. after 0-5 mg. DFP 11x. Sweep duration =40 msec. 


Controls —> 


After DFP — 


Fig. 7. Cat, 35kg, Chloraloee, Effect of DFP on flexor response (Fl.) of ant. tibialm.andcrossed 4 


extensor response (X.EX.) of contralateral quadriceps m. to afferent stimuli at 1, 2 and 5 per sec. 
Fast drum records: (i) Fl. controls at F =1, F =2 and F =5; (ii) X.EX. corresponding to Fl. in 
(i), controls; (iii) as(i } 10 min. after 4 x 2 mg. DFP 1.1u.; (iv) x.Ex. corresponding to F'. in (iii). 
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crossed extensor reflex, absent in the controls, was present after DFP, Fig. 7 (iv), 


though with F=5 and higher frequencies it consisted of an initial response 


only. For depressant effect of larger doses see discussion. 

Results with other types of preparation. The central action of DFP on cats 
under dial anaesthesia was essentially the same as that on cats under 
chloralose anaesthesia. The potentiation of the flexor reflex is illustrated 
in Fig. 8. The control response to single afferent stimuli recorded with B/T leads, 
Fig. 8 (i), was a low-amplitude wave. Nine minutes after an intrathecal 

Fl. single C.N. 
Control . After DFP 


Fig. 8. Cat, 2kg. Dial. Effect of DFP on action potentials from ant. tibial m. (Flexor reflex—F'.): 
(i) FL, B/r leads, control; (ii) Fi., 3/r leads, 9 min. after 0-5 mg. DFP .tTH. Sweep 
duration =40 msec. 


(iit) (iv) 
Fig. 9. Cat, 3-3 kg. Decerebrate. Effect of DFP on knee jerk (x.J.), fast drum records: (i) K.J. 
control; (ii) x.3. 11 min. after 0-1 mg. DFP 1.7u.; (iii) x.s. 31 min. later; (iv) x.J. 1 min. after 
a further 3 x 0-1 mg. DFP 


injection of 0-5 mg. DFP, Fig. 8 (ii), the action potential was a diphasic wave 
of greatly increased amplitude and duration. The height of the corresponding 
mechanical records showed a 6-fold increase, beginning after a latency of 5 min. 
The knee jerk was also potentiated but after a latency of only 2 min. 

In decerebrate cats, after the initial ether anaesthesia had worn off, similar 


results were observed. DFP evoked complicated patterns of after-discharge 
']_ ... much more readily than in cats under chloralose anaesthesia. Fig. 9 shows 


a fast drum recording of the knee jerk before and after DFP given intrathecally 
in divided doses and illustrates this point. oon 
Intravenous injections of DFP produced effects similar to the — 


a 
AG 
al 
4 
x 
44 
4 
hes 
> 
we 
3 
if 
a 
5 
& 


116 MARY CHENNELLS, W. F. FLOYD AND SAMSON WRIGHT 


injection, viz. potentiation of reflexes with small doses and depression with 
large doses. In addition there was potentiation of the nerve muscle response, 
i.e. increased amplitude and duration of mechanical response to maximal 
motor nerve volleys together with repetitive firing of the action potential. 
Potentiation of the reflexes was often produced before any peripheral potentiation 
was recorded, and the stage of depression of reflexes could be reached while 
there was’ still marked peripheral potentiation; there was thus no constant 
relationship between the time course or extent of potentiation of reflexes and 
of nerve muscle responses. Mean dosage of DFP first producing any effect by 
the intravenous route was 2-5 mg./kg. 

In some experiments convulsions resulted from the administration of DFP. 
Generalized convulsions were usually preceded by the appearance of ‘jar 
reflexes’ or by convulsive responses to banging the operating table: convulsions 
seldom occurred following intrathecal injections and when they did occur were 
only mild. Violent convulsions were only obtainable after intravenous injection, 
though even by this route convulsions, severe or otherwise, were not invariably 
produced. 

Sometimes intravenous injection produced general twitching. which persisted 
after all reflex responses had been depressed and finally abolished. 

Intravenous injections of sufficient dosage produced respiratory failure but 
not circulatory collapse since the animal could be maintained with artificial 
respiration. The effects described in this paper were independent of circulatory 

changes and of the presence of atropine. - 


DISCUSSION 


By using the intrathecal route of injection and controlling the absence of any 
leak into the peripheral circulation by a study of the nerve muscle responses, 
the potentiation of reflexes by DFP can be ascribed to an action on some part 
of the central nervous system. The experiments with decerebrate cats, as well 
as controlling the question of anaesthesia, show that this potentiation of 
reflexes by DFP is not dependent on the presence of higher centres. Similar 
results were also obtained in animals with a spinal transection in the mid- 
thoracic region (either initially decerebrate or under chloralose anaesthesia), 
indicating that DFP acts directly on the spinal cord. This central excitatory 
action of DFP is distinct from its peripheral action on the neuromusculature, 
which was described by Brown et al. (1948) and by Hunt (1947). 

The onset of potentiation, its time course and its extent, after intrathecal 
injection of DFP, all differed independently from experiment to experiment 
for each reflex studied. There was no constant relation found, such as greater 
sensitivity of one reflex over another. The length of time for which the peak 
potentiation of reflexes is maintained depends on the dosage. Doses of 0-1 to 
1-0 mg./kg. body weight given intrathecally produce potentiation which may 
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last an hour or so, though not always maintained at peak level. Subsequent 


_ doses produce further potentiation, but each time the peak potentiation is 


maintained for a shorter period, finally perhaps less than a minute. At this 
stage subsequent responses are depressed and eventually no further potentiation 
is obtained. with further injections. With larger doses the depressive stage is 
reached with fewer injections, even with the first, if that is large enough. 

In cats under chloralose anaesthesia, flexor responses to higher frequencies 
of stimulation are not maintained at the amplitude of the initial contraction. 
At F =5, and sometimes at F =10, the decline is only partial, but at F =25 
and higher it is usually complete, i.e. the response consists of an initial deflexion 
only. Electrical responses show corresponding changes. The action potentials 
accompanying the flexor reflex form a series of responses, a burst of activity 
corresponding to each volley of the train of afferent stimuli. At lower stimu- 
lation frequencies, there is a decline in the amplitude and duration of the 
individual responses after the first of the series. At higher stimulation 
frequencies there is complete electrical silence after the first 40-100 msec. 
from the onset of stimulation, i.e. after the first few responses. At the lower 
stimulation frequencies it is common to find that the decline of responses is 
most profound immediately after the first response and that there is partial 
recovery by about the 5th response. After intrathecal DFP the same general 
pattern of flexor résponse remains. At all frequencies of stimulation the DFP 
enhances the initial response, i.e. the amplitude of the mechanical record is 
increased and the corresponding electrical discharge is increased in amplitude 
and duration. At the lower stimulation frequencies the decline of responses 
mentioned above is not so marked as in the controls. 

Convulsions, if evoked at all, were much more readily obtained by intravenous _ 
than by intrathecal injection, indicating that the intravenous route gave 
readier access to the parts of the central nervous system responsible for the 
convulsions; they were not evoked in decerebrate animals. Convulsions were 
rather less readily evoked by DFP than by HETP and TEPP (Chennells et al., 
1949) though in general the effects of all these drugs were similar. 


SUMMARY 


1. DFP in intrathecal doses of mean value 0-7 mg./kg. body weight facilitates 
reflexes (flexor; crossed extensor; knee jerk; ‘jar’ reflex), the degree of facili- 
tation varying according to the particular reflex studied. Larger doses depress 
the reflexes. Enhancement or depression of the different reflexes may not be 
simultaneous. 

2. The flexor reflex in response to a train of afferent stimuli is better 
maintained after injection of DFP. 

3. Changes produced by DFP in the electromyograms of the muscles involved 
in the knee jerk and flexor reflexes, corresponding to the enhancement of the 
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mechanical record, indicated that this enhancement could be due to recruitment 
of further anterior horn cells, their more synchronous discharge, increase in 
duration of discharge, or some combination of all three. All these possibilities 
were found in different experiments, but there was predominance of the first 
two factors mentioned. This is contrasted with the peripheral action of DFP 
on the neuromuscular junction where prolonged repetitive firing from the 
muscle is produced by maximal motor nerve volleys. 

4. Convulsions sometimes occur after intrathecal injection of DFP but are 
never as violent as those which occur after intravenous injection. 

5. The central excitatory action of DFP is similar to that of certain other 
anticholinesterases such as eserine and TEPP. 3 


_ (W.E.F.) for apparatus, to Dr B. C. Saunders of the University Chemical Laboratory, Cambridge, 
for the supply of DFP, and to Dr C. A. Keele, of the Department of Pharmacology, Middlesex 
Hospital Medical School, for reading the manuscript. 
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THE IONIC MOVEMENTS DURING NERVOUS ACTIVITY 


By R. D. KEYNES 
From the Physiological Laboratory, University of Cambridge 
(Received 4 October 1950) 


Experiments on the electrical behaviour of squid axons (Hodgkin & Katz, 
19494), frog nerve (Huxley & Staémpfli, 19515), and frog muscle (Nastuk & 
Hodgkin, 1950) have led to the suggestion that the reversal of the action 
potential is caused by a large and highly specific increase in the sodium per- 
meability of the cell membrane during the rising phase. Most of the evidence 
presented in support of the sodium hypothesis has been indirect, however, 
since few measurements have been made of the change in sodium content 
resulting from nervous or muscular activity (Hodgkin, 1949). A good test of the 
hypothesis would be to measure the actual amount of sodium and potassium 
which entered or left an axon during nervous activity, and it is with such 
measurements that this paper is primarily concerned. 

_ The first reliable quantitative estimate of the magnitude of the ionic move- 
ments during nervous activity was made by Hodgkin & Huxley (1947), who 
used an indirect method to determine the potassium leakage from single 30n. 
Carcinus axons. Their results were later confirmed more directly by measuring — 
the leakage of radioactive potassium from bundles of isolated 30. axons 
(Keynes, 1948, 1951). Sodium movements could not be investigated by 
Hodgkin & Huxley’s method, but it was evident that the use of Na™ offered 
a promising means of attacking the problem. The earlier work with K* had 
shown that it was essential to use isolated axons if quantitative results were to 
be obtained (Keynes & Lewis, 1951 a), and some attempts were therefore made 
to measure the entry of Na™ into stimulated Carcinus axons (Hodgkin & © 
Keynes, unpublished). These were unsuccessful, largely owing to the small size 
of the axons, which gave counting rates too low for reproducible results 
to be obtained, and it became clear that larger axons would have to be used. 
Fortunately it proved possible to transport living Sepia from Plymouth to 
Cambridge, and a series of experiments was-done on the exchange of radio- _ 
active sodium and potassium in the 200. axons which can be dissected from — 
their mantle nerves (Young, 1936). 
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Other work with radioactive tracers on cell permeability has shown that a 
clear distinction must always be made between the net loss or gain of a sub- 
stance during the experiment, and an exchange or turnover without any net 
transfer (Hevesy, 1948). A method was therefore devised by which both the 
inward and outward ionic fluxes could be studied in each axon, first in the 
resting condition and then during stimulation. The inward fluxes could be 
measured absolutely, without reference to the ionic contents of the axon, but 
the outward fluxes could only be obtained by observing the rate constant for 
the loss of radioactive ions in an inactive solution, and their absolute values 
could not be calculated unless the actual concentrations of the ions in the 
axoplasm were known. Fairly reliable figures were available for potassium, and 
it was soon clear that, as in Carcinus axons (Keynes, 1951), the movement of 
potassium during activity was largely outwards, stimulation causing only a 
relatively small increase in the inward potassium flux. Experiments with 
sodium showed that stimulation caused a large increase in the inward sodium 
flux, but also increased the rate of loss of Na™ in inactive sea water. No 
analyses of the sodium contents of Sepia axons had ever been made, and the 
figures for squid axoplasm given by Steinbach & Spiegelman (1943) showed that 
the sodium concentration might be expected to vary between rather wide 
limits, depending on the condition of the axon. When, therefore, preliminary 
accounts of this work were published (Keynes, 1949a, 5) only the value of the 
inward sodium flux during activity could be stated, and as there was certainly 
a considerable outward flux as well, it was impossible to estimate the net entry 

of sodium, or to say whether or not it balanced the potassium loss. 

The following paper (Keynes & Lewis, 19516) describes the application of the 
technique of activation analysis to determine simultaneously the sodium and 
potassium contents of single Sepia axons. The values obtained by this method 
provide a basis for calculating the outward sodium and potassium fluxes in the 
tracer experiments more reliably than was previously possible. There is still 
some uncertainty in the resulting values of the outward fluxes, which could 
only be resolved by determining the sodium and potassium contents of each 
individual axon after completing the measurements with Na™ and K*. This 
would be quite feasible with the techniques now available, but has not yet been 
dore. The figures now obtained, however, fit quite well with direct measure- 
ments of the net loss of potassium and gain of sodium during activity, made by 
activation analysis, and the two sets of results taken together provide a 
reasonably trustworthy picture of the ionic movements in a stimulated Sepia 
axon. As will be apparent, there is no doubt that the sodium entry postulated 
by Hodgkin & Katz (1949a) does occur and is roughly equal to the leakage of 
potassium. The experiments described here also provide some useful informa- 

_ tion about the ionic fluxes in the resting nerve membrane, which enables 
_ interesting comparisons to be made with some of its electrical properties. 
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METHOD 


Apparatus. The chamber in which the radioactivity measurements were made is shown in Fig. 1. 
A Geiger counter tube (G.E.C. Type GM 4) was mounted with its duralumin end-window uppermost 
beneath a circular chamber built of brass and Perspex, screwed together with vaseline in its joints 
to make it watertight. The chamber was supported on a cylindrical lead shield, 1 in. thick. Two 
Perspex half-moons were fixed inside the chamber so as to reduce it to a narrow channel, 2 in. long 
and 4 in. wide. The brass bottom was } in. thick, except for the central part where it was slightly 
raised and had a window ¢ in. wide and } in. long cut in it, across which was stuck a sheet of mica 
20 yu. thick. While counting was in progress, inactive artificial sea water flowed through the chamber 
and away to a waste bottle under the bench, a constant-level device keeping the liquid at a con- 
venient height. The ends of the nerve were held in vertical forceps, and its central part was held 
down by two waxed glass hooks, whose size was such that the axon rested gently on the mica 
window when they were just touching the bottom of the chamber. The forceps assembly was 
mounted on a Palmer screw stand, so that the nerve could be transferred frofi the chamber to a 
small lead-screened pot containing the radioactive solution, and back again, both quickly and to 
an accurately reproducible position over the Geiger counter. 


Glass hooks Forceps 


To waste : Geiger tube 
bottle 


Fig. 1. The apparatus in which the measurements of radioactivity were made. The Perspex 
chamber and the lead shield on which it was supported were circular. The view shown is a 
vertical section through the centre. : 


The Geiger tube was connected to a pre-amplifier and a conventional stabilized power supply 
and scaler, Square-wave impulses, synchronized with the 50 cyc./sec. mains, could be applied to 
one pair of forceps from a multivibrator circuit. The other pair of forceps was connected to a d.c. 
amplifier and cathode-ray tube for the observation of action potentials. 

Artificial and radioactive sea water. In the absence of reliable figures on which to base a Ringer’s 
solution for Sepia, all the experiments were done in an artificial sea water whose composition is 
shown in Table 1. 1 mm of sodium phosphate buffer, pH 7-6, was sometimes added as well. No 
appreciable difference could be detected in the behaviour of the axons when it was present. 

Radioactive sodium samples were obtained -from the Atomic Energy Research Establishment, 
Harwell, and were prepared by neutron irradiation of Na,CO, (‘Analar’ grade) in the graphite 
low-energy pile. The carbonate was dissolved in water and titrated to pH4 against standard 
1y-HCl, using brom-phenol blue on a tile as indicator. After the CO, had been removed at sonaned 
pressure, the pH was adjusted to 7-0 by adding a few drops of 0-1 n-NaOH. The resulting Na* Cl 
solution was used to make an artificial sea water of the composition shown in Table 1. 
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Tanie 1. Composition of artificial sea water 
458 mM. 537 
Kt 9-7 mM. SO, 27-7 mm. 
10-1 mM. 

Mgt+ 52-6 mm. 


Radioactive potassium samples were prepared by deuteron bombardment of KBO, targets in the 
Cavendish Laboratory’s cyclotron. The targets were prepared, and the KBO, converted to KCI, by 
the procedure described in an earlier paper (Keynes & Lewis, 1951a). The K* Cl was used to make 
up a K* sea water of the same composition as before. 

, Dissection of Sepia axons. Giant axons, with diameters ranging from 150 to 300 p., were dis- 
sected from the mantle of Sepia officinalis, following the method described by Young (1936). The 
mantle was pinned down in a large Perspex dissecting dish, with its inner surface facing upwards, 
and was illuminated from below by a 36 W. car head-lamp, focused to give a patch of light about 
5 cm, across. The course of the nerve trunks radiating out from the stellate ganglion could then be 
followed as they penetrated deeply into the mantle muscle; really bright illumination was a most 
important factor in successful dissection. One of the inner nerve trunks was cut through close to 
the ganglion, a thread was tied round its end, and as great a length as possible was dug out from 
the mantle, with the aid of dissecting spectacles and fine scissors. The cleaning of the giant axon 
by removal of all the smaller fibres was done under a binocular dissecting microscope, using fine 
forceps and dissecting needles. In some of the later experiments, at the suggestion of Dr S. 
Weidmann, the whole ganglion was removed from the mantle with the nerve trunk still attached 
to it, so that the axon did not have to be cut through at its central end until immediately before 
being mounted on forceps. The whole dissection took about 2 hr. The cleaned axons varied in 
length between 25 and 50 mm. 

The animals were transported by express train from Plymouth in barrels of sea water, and were 
kept in a sea water aquarium in which they would survive for periods up to 3 weeks. They were 
generally still in good condition when sacrificed for experiments, but in those which were not the 
viability of the akons was not obviously affected. 

Experimental procedure. The cleaned axon was mounted on forceps, and the glass hooks were 
adjusted so that it was held just taut. Its excitability was tested with its ends raised out of the 
sea water; any axon which did not give an action potential at low threshold over the whole of its 
length eas rejected. The experiments consisted in dipping the axon for known periods in the 
radioactive sea water, either resting or stimulated, and then transferring it quickly to the measuring 
chamber, where a series of counts was taken over successive 10-min. periods while inactive sea 
water flowed past. The rate at which the counts decreased gave a measure of the resting outward 
flux of marked ions, and the amount of radioactive ions which entered during the period in radio- 
active sea water gave the inward ionic flux, The axon was generally immersed three times in the 
radioactive sea water, twice resting and once stimulated; it was also stimulated in inactive sea 
water while it was in the measuring chamber. It was thus possible to measure the inward and 
outward fluxes, both resting and stimulated, for each axon. . 

During stimulation the ends of the axon had to be raised above the surface of the sea water 
order to insulate them. The axon could not be left in this position for long, owing to the danger of 
drying up the exposed ends, and it was therefore lowered momentarily beneath the surface once 
every + min. This did not reduce the total number of impulses conducted by more than 2%. It 
was not possible to prevent the ends from drying up by covering the sea water with a layer of 
paraffin oil, because the axon then tended to stick in the oil-water and oil-air interfaces, and was 
excessively stretched each time it was pulled through them. Even with no oil layer, the axon 
became somewhat stretched in the process of being moved between the two solutions three or four 
times in the course of each experiment. At the end of the experiment ‘several of the axons had 
become inexcitable at their extreme ends, but they were always able to conduct impulses over their 


central 20 mm.—that is to say along the whole of the part of the axon which was over the window 
of the chamber, 
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When all the counts had been taken, the axon was moved to a Petri dish of sea water, and its 
diameter was measured at about six points between the two glass hooks, with a high power micro- 
meter eyepiece in the dissecting microscope, giving an over-all magnification of 115 x. The central 
part of the axon was then cut out, blotted, and put on a standard dish so that its radioactivity 
could be compared with that of a known amount of the radioactive sea water. This provided a 
useful rough check on the more reliable method of calibration described below, and on one occasion 
showed up a systematic arithmetical error in the calculations. It gave figures for the sensitivity 
of the apparatus which occasionally differed by as much as 20% from the results of calibration with 
a capillary, but the average discrepancy was only -1%, both for the Na and for the K4 
experiments. | 
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Length of liquid column (mm.) 

Fig. 2. Calibration of the measuring chamber with capillary tubes containing columns of various 
lengths of Na** and K* solutions. Allowance has been made for variation in the internal 
diameter of the tubes, which was generally about 200 ». The measuring chamber was filled to 
a normal depth with sea water while the counts were taken. 


_ Calibration of the apparatus. At the end of each experiment the apparatus was calibrated so that 
the figures for the inward ionic fluxes could be expressed directly in moles of sodium or potassium. 
Glass capillaries about 200 yu. in external diameter, with walls 30 u. thick, were filled with radio- 
active sea water, and their ends were sealed off in a micro-flame. Counts were taken with the capil- 
lary placed symmetrically over the chamber window, the depth of sea water being kept at its 

normal level so as to avoid variation in the amount of back-scattered radiation reaching the Geiger 
counter. The capillary was later broken cleanly at each end, and its internal diameter was measured 
under a microscope. The concentration of the radioactive ion in sea water being known, the number | 
of moles of Na or K corresponding to 1 count/min. could then be calculated. The sensitivity was 
between 6 and 70 x 10-2 mol. of Na or K per count/min. per cm. axon, giving counting rates 
which were, under the conditions of the experiments, seldom less than 30 or more than 500 
counts/min, 

As the brass bottom of the chamber was thick enough to absorb all the f-radiation from Na 
and K*, only the part of the axon or capillary actually over the window contributed to the recorded 
radioactivity. The length of the liquid column in the capillaries was made equal to the distance 
between the two glass hooks, 26 mm., but discrepancies of a few millimetres would have made no 

’ detectable difference to the results. This is demonstrated by the curves given in Fig. 2, which show 
the variation in relative counting rate for capillaries containing liquid columns of different lengths. 
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rate was effectively constant for all columns longer than 25 mm. The y-radiation 
nce sd isotopes would not have been absorbed by the brass, but would nevertheless not 
have introduced any appreciable errors, since even the Na™ y-radiation, which is very strong, was 
only counted about 1/40 as efficiently as the f-radiation. This efficient screening meant that as long 
as the liquid column in the calibrating capillary was roughly the same length as the axon, it was 
unnecessary to introduce the actual lengths in working out the results. Furthermore, some of the 
error which might have arisen from abnormal ionic exchanges at the damaged ends of the axon 
was avoided. 

The external diameters of the capillaries were made as nearly as possible the same as those of the 
axons, and did not generally differ from them by more than 30 ». The combined effects of the 
decrease in solid angle subtended by the counter and of the absorption of f-radiation in the sea 
water caused a reduction in counting rate of 0-25 % for K* and 0-75 % for Na™ when the capillary 
was raised 10 p. above the mica window. Hence the 30 p. glass wall of the capillary would not 
have introduced an error of more than about 1% for K* or 3% for Na™, and a discrepancy of 30 yu. 
in diameter not more than another 0-4 % for K* or 1-2% for Na™, The standard error in the calibra- 
tion arising from statistical variation in the counting rate was always less than +2%, and the 
calibration was usually done in duplicate with two tubes. The only other factors involved were the 
tube diameter and the concentration of the radioactive ion in the artificial sea water, both of which 
were known to about 2%. The maximum error in the final figure for the sensitivity was therefore 
less than 10%. | 

Efficiency of washing. The rate at which inactive sea water flowed through the chamber was 
5 ml./min. In order to check that this rate of flow was great enough to eliminate errors from extra- 
cellular radioactivity, a silk thread 370 pu. in diameter was soaked in a K* solution, mounted on 
forceps and hooks in the usual way, and lowered into the chamber to see how fast the K** was 
washed away. The half-period was 20 sec., and was increased to nearly 30 sec. when the rate of 
flow of sea water was only half normal. For the Sepia axons themselves, the experiments with Na* 
showed that the half-period of removal of extracellular ions was rather longer—about 1 min.— 
possibly because the diffusion constant in the connective tissue sheath was smaller than in free 
solution. 

Counting corrections. All counts were corrected for the Geiger counter background, which was 
checked frequently, and was usually about 10 counts/min. All figures given in the following sections 
have also been corrected for the decay of the isotopes, using tables calculated for half-lives of 
12-4 and 14-8 hr. for K and Na™ respectively. 


RESULTS 
The resting exchange of potassium in Sepia axons 
Before discussing the effect of nervous activity on the inward and outward 
potassium flux in Sepia axons it will be best to consider the results of two 


experiments on the resting fixes, in which the resting exchange was observed. 


over rather longer periods than was possible when the effects of stimulation 
were also being investigated. The axons on which these measurements were 
made had only been stimulated at a low rate in order to establish that they 
were properly excitable, and had not been subjected to long periods of stimula- 
tion, so that they provided values which were probably more reliable than 
those obtained later for comparing the ionic fluxes with the electrical properties 
of the resting nerve membrane. 

In the first part of the experiment illustrated in Fig. 3, the inward potassium 
flux was determined over a fairly long period (4-6 hr.) by soaking an axon in K® 
sea water, and taking 5-min. counts at intervals of about 40 min., with the axon 
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temporarily transferred to the measuring chamber, through which inactive sea 
water was flowing. Three minutes were allowed for extracellular K* to be 
washed away before the counts were beguh, se that the axon remained in the 
chamber for altogether 8 min. When the counts were plotted they were found 
to lie on a straight line, with no apparent curvature; statistical tests verified 
that they did not fit an exponential significantly better than a straight line. 
The slope of the straight line calculated by the method of least squares to pass 
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Fig. 3. The resting exchange of K* in a Sepia axon. For the first 4-6 hr. the axon was in K“ sea 
water, from which it was removed at intervals for counts to be taken. It was then left per- 
manently in inactive sea water. The straight line (for uptake) and the exponential (for loss) 
were fitted to the counts by the method of least squares. The lengths of the vertical bars 
_ drawn through some of the points show + the 8.x. of the counts; for the other points the 8.". 
_ was less than the radius of the circle. Axon diameter 217 4. Temperature 14°C. For uptake 

1 count/min. was equivalent to an eptry of 1-47 x 10-™ mol. K/cm. 


through the origin and give the best possible fit with the counts was 119+3 
counts/min. per hr. Out of a total of 277 min. over which the uptake of K® 
was measured, 50 min. were spent in inactive sea water, so that the average 
rate of gain of radioactivity during the periods in K® sea water was 145 
counts/min. per hr. This figure could be converted to absolute units by 
calibrating the apparatus with a capillary tube in order to determine the 
amount of potassium corresponding to an entry of 1 count/min., measuring 
the axon diameter, and calculating the inward flux from the expression: 
Initial rate of gain of radioactivity Sensitivity 
Wisc (in counts/min. per sec.) (in mol./cm. per count/min.) (1) 
na x Axon diameter (in cm.) 
The sensitivity was found to be 1-47 x 10-" mol. K/cm. per count/min., and the 


axon diameter was 217y., whence the initial inward flux was 8-7 x ag 
mol./em.? membrane/sec. The inward flux had apparently increased slightly 
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by the time the axon was finally removed from the K* sea water, since the 
rate of loss of radioactivity immediately on transferring permanently to in- 
active sea water, again calculated by the method of least squares, was 33 + 4 
counts/min. per hr. The total rate of entry of radioactive ions at the end of the 
period in K® must therefore have been 145+33, or 178 counts/min. per hr., 
which corresponds to a flux of 10-6x10- mol./cm.*/sec. It is, of course, 
possible that the inward flux remained constant throughout the experiment, 
and that the uptake of radioactivity should have shown a curvature which was 
in fact obscured by counting errors. The 8.£. of the counts, whose size is 
indicated in Fig. 8, were too large for any final decision to be reached on this 
point, but later experiments showed that there was a consistent increase in the © 
inward potassium flux as the condition of the axons deteriorated, so that the 
effect may well have been genuine. | | 
The outward potassium flux is related to the rate at which K® is lost in 
inactive sea water by the expression 
M, =hkdC il 4, (2) 
where k is the exchange constant (that is the rate constant for loss of K**, or 
the value of —d(log, Y)/dt, where Y is the total radioactivity of the axon), d is 
the axon diameter (making the surface/volume ratio 4/d), and C, is the internal 
potassium concentration, expressed in mol./unit volume of axoplasm (Keynes & 
Lewis, 1951 a). This relationship is valid for an axon which is leaking potassium, 
and in which the outward flux is larger than the inward flux, as long as the 
value taken for C; refers to the actual potassium concentration at the time of 
the measurements. In the experiment (Exp. 118) of Fig. 3, & was found by the 
method of least squares to be 0-061 hr.-. By the time the measurements were 
made about 6 hr. had elapsed from decapitation of the animal from which the 
axon was dissected; from the later analytical work (Keynes & Lewis, 1951) 
the concentration of potassium in the axoplasm would then have been about 


300 mm. Using equation (2) the calculated value of the outward flux was 
therefore 27-5 x 10-12 mol./cm.2/sec. 


Another experiment done under similar conditions gave an inward flux of 


11:7 x mol./cm.*/sec. The resting exchange constant for loss of K* was 
_ 0-077 hr.-* and the axon diameter 239,., so that the outward flux was cal- 
culated as 38-4 x mol./cm.?/sec. 


The extent of potassium exchange in Sepia axoplasm 
It is assumed here that virtually all the potassium in the axoplasm is free to 
exchange with K“—in other words that the value of C;, to be used in applying 
equation (2) is identical with the total potassium content of the axon. The 
evidence in support of this assumption must be briefly considered. 
As is clear from Fig. 3, the entry of K® into Sepia axons was so slow that it 
would have been difficult to make any reliable determinations of the equilibrium 
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level towards which exchange was proceeding merely by soaking axons for 
longer periods in K** sea water, since they would not have survived for more 
than about 12 hr. Some idea of the total exchangeable potassium concentration 
can, however, be obtained from the following consideration. It has been shown 
in an earlier paper (Keynes & Lewis, 1951a) that for an axon in which the in- 
ward flux m, and outward flux m, are unequal the total potassium concentration 
O; is related to the concentration of potassium exchanged after time 7, C'¥, by 


where (4 ¥/dt)» is the net rate of gain of radioactivity in K* sea water at time 7, 


and (d Y/dt), is the initial rate of loss of radioactivity measured in inactive sea 
water at the same time. After 4-6 hr. in K* sea water it has been seen that 
(4 ¥/dt)» was +145 counts/min. per hr. and (d Y/dt), was — 33 counts/min. per hr. 
The total amount of potassium exchanged by this time corresponded to an internal 
concentration of 21:5 m.mol./l. axoplasm (calculated from the total counting 
rate reached, the sensitivity figure, and the volume of the axon). Even if the 
ir vard and outward fluxes had been equal, C; could not have been less than 
21-5(1+ 145/33), or 116 mm. It must actually have been considerably greater 
than this, since analyses of the potassium content of Sepia axons (Keynes & 
Lewis, 19516) showed that under the most favourable conditions there was a 
net loss of 8-9 mm. K/hr. from dissected axons, and m, must therefore have been 
appreciably greater than m,. For an axon 217. in diameter this net leakage 
rate corresponds to a net outward potassium current of 13 x 10-! mol./cm.*/sec. 
so that the total outward potassium flux is unlikely to have been less than 
10-6+13, or 23-6 x 10- mol./cm.?/sec. It may well have been appreciably 
greater, since the axon was kept at a higher temperature and was more 
roughly treated than those which were analysed. The ratio m,/m, was 
hence at least 23-6/10-6, or 2-2, which leads to a minimum value for C;, 
using equation (3), of 255 mm. As has already been mentioned, the analytical 
results indicate that the total concentration of potassium in the axoplasm was 
probably of the order of 300 mm. Under the conditions of this experiment it 
therefore seems that at least 85° of the intracellular potassium was readily 
exchangeable. 

Several other observations also suggest that there cannot be much ‘bound’ 
potassium in Sepia axoplasm. Thus, four axons which had been soaked for 
7 hr. in K® sea water containing five times the normal amount of potassium 
exchanged an average of 150 ma. of potassium, and it was evident from the 
uptake curve that exchange was still some way from completion at the time of 
removal from K*, In Carcinus nerve at least 97% of the potassium can 
exchange with K* (Keynes & Lewis, 19512), and there is no good reason for 
expecting cephalopod and crustacean nerves to behave differently in this 
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respect. Moreover, the mobility and diffusion constants are almost the same 
for K* inside living Sepia axons as they are in free solution (Hodgkin & Keynes, 
1950). The only contrary evidence is the report of Rothenberg (1950) that most 
of the potassium in squid axoplasm is not free to exchange, but reasons have 
been given (Keynes & Lewis, 1951) for doubting the validity of certain of his 
arguments. | 

Although this question has not yet been properly settled, it is apparent from 
the experiments just quoted that there can be very little potassium in the 
axoplasm which is genuinely unable to exchange with K®. For the present 
purpose it is therefore justifiable to ignore the possible presence of a small 
amount of bound potassium, and no serious errors will be introduced into the 
results by doing so. | | 


The effect of axon length on potassium flux — 

In the case of the two axons discussed above the outward flux was estimated as about three 
times as great as the inward flux, making the net rate of leakage of potassium about 13 mm./hr., 
which is not very different from the figure of 8-9 mm./hr. obtained by direct analysis (see above). 
The first axon used in the present series of experiments with K* gave a net leakage rate which 
must have been much higher, the inward flux (11-8 x 10-™* mol./om.*/sec.) being roughly the same 


as in the later experiments, while the exchange constant for K** loss was about ten times as great 


(0-64 hr.-*), It is impossible to make more than a very rough guess at the absolute size of the out- 
ward flux for an axon in this condition, since C, must have been falling at a considerable rate. The 
axon diameter was 176 ., and 2-5 hr. had elapsed from decapitation, whence an argument of the 
type explained in detail later (involving the application of equation (5)) leads to a value for C, of 
145 mM., an outward flux of 113 x 10-* mol./cm.*/sec., and a net leakage of 83 mM. potassium per 
hour. These two figures are not at all reliable, but serve to demonstrate the order of size of the 
outward flux. Whatever basis is used for estimating C,, the conclusion cannot be avoided that the 
outward potassium flux was very much greater than the inward flux. 

Two other early experiments also gave about the same inward flux, and unduly high resting 
exchange constants (0-37 and 0-22 hr.-'), The feature which these three axons had in common was 
that their lengths were only 25, 26, and 31 mm. respectively, whereas the lengths of the two axons 
discussed in the previous section were 39 and 51 mm. The effective width of the measuring chamber 
window was about 20 mm. (see Fig. 2), so that the cut ends of the short axons were only 3-5 mm. 
from the edge of the window, while the ends of the long axons were 10 mm. or more from the window. 
Sepia axons have a rather high membrane resistance, so that, the space constant for the spread of 
electrotonic potential in a large volume of sea water is about 10 mm. (Weidmann, 1951). It follows 
that the flow of injury currents is likely to cause appreciable depolarization of the membrane for 
some distance from the ends, and even at the centre of an axon only 25 mm. long. As is explained 
in the concluding section of this paper, this would have the effect of increasing the ratio of outward 
to inward flux very considerably. In very short axons the K“ in the central stretch is also likely 


~ to be depleted to some extent by longitudinal diffusion towards the damaged region, which would 


increase the apparent sizé of the outward flux without affecting the inward flux. 

Although no attempt was made to analyse the effect of axon length on ionic exchange in any 
detail, there can be no doubt that the high leakage of potassium observed in these axons was 
caused by their shortness. A correspondingly high net rate of entry of sodium was found in an 
experiment with Na™ on an axon only 26 mm. long, and further direct confirmation of the effect 
was obtained in the analyses of Sepia axons by radioactivation, when the shortest axons were 
always found to contain less potassium afid more sodium than normal (Keynes & Lewis, 19515). 
Tt was clear that axons shorter than 35 mm. might not give reliable results in tracer experiments, 
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and especial-care was therefore taken to ensure that the lengths of the axons dissected were as 
great as possible, All the axons used in the experiments on the effect of nervous activity discussed 
in the next section were (with the exception of Exp. 119) at least 37 mm. long. 


The inward potassium flux in resting and stimulated axons 

The results of a typical experiment are illustrated in Fig. 4, and the numerical 
values of the inward fluxes and exchange constants in this experiment and in 
four others like it are given in Table 2. The table also includes measurements 
of the exchange constant during stimulation in two axons (Exps. 118 and 119) 
for which the effect of activity on the inward flux was not investigated. The 
method of working out the results is best explained by taking the actual 
figures obtained in the experiment (123 B) of Fig. 4. 


Resting 
100 ' 
: 10 min. in 
| 10 min. in 
| chamber 
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‘ 
20 F 
1 2. 3 
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Fig. 4. Movements of K* in a Sepia axon (Exp. 123B). Room temperature 14° C. Axon diameter 
168 ». For entry of K*, 1 count/min. was equivalent to 1-17 x 10-Y mol. K/cm. axon. 


The method of least squares was used to calculate the best straight line to 
fit the logarithms of each group of counts. The counting rate at the moment of 
removal from the radioactive sea water was then obtained by extrapolation. 
For the first resting dip the K** which had entered gave an extrapolated counting 
rate of 62-5 counts/min. Subsequent calibration of the apparatus showed that 
an entry of 1 count/min, was equivalent to 1-17 x 10-" mol. of potassium per cm. 
of axon. The diameter of the axon was 168 u., and it had been in the radioactive 
sea water for 15min. Using equation (1) the mean resting rate of entry of potas- 
sium was therefore 15-4x 10-12 mol./cm.? membrane/sec. This provided the 
first of the two values shown in the table for the resting sia potassium flux. 

OXIV. 9 


’ 
¥ 
YE 
ty 
ne 
= 
ll 
a 
ad 
» 
ay 
* 
> 
¥ 
> 4 
de 


130 | R. D. KEYNES 


The error introduced in neglecting the exponential nature of the ionic exchange 
process was less than 4%, because the length of the dip was much less than the 
time constant for K* exchange, which was of the order of 6 hr. 

For the later periods of immersion in the radioactive sea water it was always 
necessary to make an allowance for the K* already present in the axoplasm as 
a result of previous dips. It could be assumed that during the second resting 
dip the K® initially present continued to be lost at the same rate as in the © 
preceding set of counts, as shown by the dotted line in Fig. 4, so that the 
amount to be gibtracted was in this case 82 counts/min. The increment of radio- 
activity was thus 159—82=77 counts/min., corresponding to-a mean inward 
flux of 17-8x10-" mol./cm.?/sec, This is the second vglue for the resting — 
potassium influx. 

During the period of stimulation in the radioactive sea water the K® initially 
present was assumed to be lost at the same increased rate as it was during the 
period of stimulation in the chamber (in inactive sea water). This is again. 
indicated by a dotted line in Fig. 4. The radioactivity gained was therefore 
126—38=88 counts/min. In view of the increase in the rate of exchange of K* 
during stimulation, it was no longer justifiable to take the mean rate of entry 
of potassium over the whole period of stimulation as a correct value for 
calculating the inward potassium flux. On the simplest assumption, that the 
inward and outward fluxes are proportional to the external and internal 
potassium concentrations respectively, it can easily be shown that the initial 
rate of entry of K®, (d Y/dt),_, is related to the mean entry in time 7, Y/T, 
by the expression | 


where k is, as before, the exchange constant for loss of K* in inactive sea water. 
The true relationship between ionic flux and concentration was probably more _ 
complicated than that assumed, and the effect of variation in membrane — 
potential should ideally be taken into account as well. But 47’ was never 
greater than 0-26, so that the value of the correcting factor k7'/(1—e—*”) 
always lay between 1 and 1-13, and the correction applied cannot have been 
very far wrong. The value to be taken for k was that during stimulation in 
inactive sea-water at the appropriate frequency. It can be calculated from the 
over-all averages given in Table 2 that at 50 imp./sec. & was 0-76 hr.-!. In the 
experiment under consideration the axon was stimulated at this rate in K® 
sea water for 10 min., so that k7' was 0-13, and the correcting factor was 1-06. 
The increment of radioactivity was 88 counts/min., whence (again using equation 
(1)) the mean inward flux was 32-5 x 10-2 mol./cm.*/sec. The corrected value 
for the total inward flux was therefore 32-5 x 1-06 = 34-5 x 10-22 mol./om.?/sec. 
This consisted partly of the normal resting flux, whose average value was 
16-6 x 10 mol./cm.*/sec., and partly of an additional inward flux caused by 


, 
By. 
3 
“a4 
4 
A} 
at 
Ti 
} 
~ 
> 
4 
He 
4 
<4} 
a> 
rt 
5, 
f 
< 
4, 
4 


IONIC EXCHANGE IN ACTIVE NERVE 131 


the stimulation. The extra entry of potassium during activity was found by 
subtracting the resting inward flux from the total inward flux, and dividing 
the result by the number of impulses conducted in 1 sec. so that it could be 
expressed as the inward flux per impulse. In this case it was 0-36 x 10-2 


mol./com.*/imp. 
2. The movements of in Sepia axons 
Inward K flux Exchange constant 
Exp. diam. Resting Stimulated Resting Stimulated 
no.  (u.) (10- moljom.*/sec.) (10-** (imp.~*) 
118 217 10-6402 — 0-0840-01 3-340:7x10-* 
119. 248 11-1404 (0224002 3740-9 
122 9-440-5 0-37 +.0-03 0104002 361406 
414) 
123A 268 11-6405 0-47 +0-04 0074002 3640-7 
21-441-9 
123B 168 15-4+40-9 0:36 40-05 0194004 5442-5 
17-841-8 
124A 2658 11-740-7 0-32+0-06 0-1340-03 2441-3 
15-84+2:3 
216 24-941-1 0-4340-18 0294004 19408 
| 36-2+6-0 
Mean 226 16-7 O16 


the resting figures. Each resting exchange constant is the weighted mean of four determinations. 


figure. Average length of axons 37 mm. Temperature 13-15° C. 


The exchange constant for loss of K** 

The slope of the line fitted to the logarithms of each group of counts gave a 
value for the resting exchange constant. In every experiment (except 118 and 
119) four values were thus obtained for k. The figures given in Table 2 are the 
weighted means of these values; the method of weighting is discussed 1 in the 
next section. 

The exchange constant during stimulation in inactive sea water was cal-¥ 
culated from the extrapolated values of the counting rate at the beginning and 
end of the period of stimulation. As k was directly proportional to the outward 
flux, the effect of stimulation could best be expressed by subtracting the average 
value of the resting exchange constant, and dividing by the number of impulses 
conducted, in order to obtain the exchange constant per impulse, kg. In 
Exp. 123B the value of & during stimulation at 50 imp./sec. was 1-16 hr.-, 
and the average resting & was 0-19 hr.-1, so that 


1:16—0-19 


ktim. = 50 x 3600 =5-4 x imp." 
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13 R. D. KEYNES | 
This quantity represents the fraction of the total intracellular potassium which 
moves outwards during the passage of a single impulse. On substituting Ketim: 

for k in equation (2), the absolute size of the outward flux per impulse may be 
obtained, as long as C; is known. | 


The reliability of the potassium results 

The principal source of error in the values thus obtained for the inward 
fluxes and the exchange constants was the unavoidable statistical fluctuation 
in the counting rates. The s.z. of each extrapolated value of the counting rate 
at the end of a period in K** sea water was calculated from the s.k. of the in- — 
dividual counts (the 8.2. of a counting rate N/t being +(1/t) ./NV), as was the s.z. 
of each value for the resting exchange constant. For the first resting dip the 

- resulting 8.x. in the value of the inward flux was always relatively small, since 
the error in the background count was almost negligible, and there was only 
one major source of uncertainty. For all the later measurements the results 
were less precise, because there was uncertainty both in the extrapolated 
counting rate at the end of the dip and in the counting rate subtracted to allow 
for K® already present at the beginning. Despite this the s.z.’s of the resting 
inward flux determinations were never more than + 17%. The s.&. of the extra 
inward flux during activity was larger, since there was uncertainty in the 
figure subtracted for the average resting flux as well as in the increment of 
radioactivity itself, but it was always less than +30% of the final answer. 
The largest errors occurred in estimating k,,,,, where the uncertainty in the 
extrapolated values of the counting rates at the beginning and end of the 
period of stimulation caused a s.£. of about +50% in several of the experi- 
ments. The axons were stimulated for as long a time as they could be without 
exhausting them too much, so that the sizes of these errors could only have been 

_ reduced by using more active K® samples, which were unfortunately not 
available. The effect of the specific activity on the 8.8. of the results can be seen 
clearly in Table 2, since the increase in uncertainty from Exp. 122 to Exp. 124B 
was due to a decrease in the specific activity of about eight times between the 
first experiment and the last. 

The only other large source of error was uncertainty in the measurement of 
the axon diameters, for which the s.z. was probably rather less than +10% 
(it seems unlikely that this estimate errs on the optimistic side, since in a large | 
number of measurements on Sepia axons the standard deviation of the weight/ 
volume ratio was only + 9-3%—Keynes & Lewis, 19516). This was not included } 
in the figures given in Table 2, since it does not affect the agreement between 
the various measurements made on each individual axon, nor does it greatly 
decrease the precision of the final over-all averages. | 

After making an allowance for the further errors arising in diameter measure- 
ments and determinations of the sensitivity figure, application of a 2 test | 
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showed that the observed variation in resting inward flux between the in- 
dividual axons was certainly significant (P < 0-001). There was also a significant 
increase in the inward flux in the course of each experiment, the second figure 
being on average half as great again as the first. This effect is presumably 
correlated with the decrease of membrane resistance which is observed when 
the condition of an axon deteriorates (Hodgkin, 1947). The values of the resting 
exchange constant, on the other hand, showed no sign of any definite trend, 
though some of them had rather large standard errors, and this may have 
prevented any systematic changes from showing up. The values of & given in 
Table 2 are the averages of the four figures obtained for each axon, weighted 
according to their variances. Like the inward fluxes, these show a significant 
variation from one axon to the next. | 

The effect of stimulation on the inward potassium flux was fairly con-— 
sistent—it was roughly doubled at 50 imp./sec. Even without taking into 
account the additional errors from the axon diameter measurements, the 
variation between the axons was not significant (a x” test gave P=0-2). The 
average of the individual results gave 0-39 x 10-!* mol./cm.?/imp. for the extra 
entry of potassium during activity. This is close to the value of 0-5x 10-” 
mol./em.2/imp. obtained earlier for Carcinus axons (Keynes, 1951). These 
figures for the inward fluxes depend on a direct calibration of the apparatus 
with a capillary tube of K* sea water, and do not require any assumptions as 
to the intracellular potassium concentration. They should therefore be entirely 
reliable within the limits of the experimental errors already discussed. | 


The absolute size of the outward potassium flux 
In order to work out the actual outward potassium fluxes it was necessary 


_ to assume a value for the internal potassium concentration, C,;. In preliminary 


accounts of this work (Keynes, 19494, b) a figure of 300 m.mol. K/l. axoplasm 
was used, this being based on some analyses of pooled samples of several axons 
by the dipicrylaminate method (Keynes & Lewis, 1951a), which were kindly 
done for me by Dr P. R. Lewis. It is now clear that this figure was too high, 
because the axons analysed were dissected more quickly than those used in the 
K* experiments, and had had less time in which to lose their potassium by the 
resting net leakage. Moreover, it leads to an estimate of the net leakage rate 
which is too large to be compatible with the potassium content of freshly 
dissected axons, since determined by activation analysis (Keynes & Lewis, 
19515). A reasonable basis on which to estimate the value of C; in the tracer 
experiments is to assume that the resting leakage rate was constant from the 
time of decapitation. Knowing the initial potassium concentration (Cio), the 
axon diameter (d), and the value of the inward flux (m,) and of the exchange 
constant (k) at a given time 7 from decapitation, there is then only one value 
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134 D. KEYNES 
of C, which fite the facts. Thus from equation (3) the net outward potassium 
current is so that 

3 _ kdC,/4—m, 


This type of calculation cannot be expected to give a very reliable value for C,, 
since the initial assumption is unlikely to be exactly true in practice. C; might 
equally well have been worked out on the basis of an exponential rather than 
a linear decline in the potassium content, but the solution would then have been 
much more complicated, and the result not necessarily more reliable. The 
‘figures obtained by applying equation (5) should not be very far wrong, how- 
ever, and represent the best estimate of C, which can be made without actually 
analysing the contents of each axon. 

The experiments of Table 2 were done about 4 hr. after decapitation of the 
animals, Activation analysis of a large number of Sepia axons showed that 
Ci was 352 mm. (Keynes & Lewis, 19516). The average resting exchange con- 
stant was 0-15 hr.-', and the average inward potassium flux 16-7 x 10-” 
mol./cm.®/sec. The- average axon diameter was 226yu. Substituting these 
figures in equation (5) the calculated value of C; is found to be 246 mm. The 
corresponding value of the outward potassium flux is 58 x 10-1 mol./cm.?/sec., 
and the net rate of loss of potassium is estimated as 26 ma./hr. 

It is also valuable to derive limiting values for C;; from a consideration of the 
activation analysis results. These showed that 4 hr. from decapitation the average 
potassium concentration in Sepia axons was 315 mm.; they also showed that 
the 15 min. period of stimulation in K* sea water, which always took place 
before the determination of & during activity, and before three out of the four 
determinations of the resting value of k, would have resulted in a net loss of 
about 30 ma. of potassium. The axons used for these analyses were kept either 
in a refrigerator or in cooled sea water from the time of decapitation, whereas 
those used for the tracer experiments were kept at room temperature (15° C.), 
and were unavoidably roughly handled in the process of being transferred 
several times from one solution to another, so that they were certainly in 
relatively worse condition. The value of 285 mm. for O; suggested by these 
figures may therefore be taken as a reliable upper limit. In the other direction 
it seems unlikely that the potassium concentration in the axoplasm can have 
fallen below 200 mm., which was the average value obtained from analysis of 
& group of axons which had been stimulated considerably more (20 min. at 
100 imp./sec.) than those used for the tracer experiments. 

Taking 246 ma. as the most likely value of C,, the average of 3-4 x 10-* imp. 
obtained for kgtim, (see Table 2) corresponds to an extra outward movement of 
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potassium during activity of 4-7 x mol./cm.?/imp. The limits for C, of 
285 and 200 mm. correspond to outward movements of 5-5 and 3-9x 10-12 
mol./em.*/imp. respectively. This result is comparable with the estimate of 
29x 10-* mol./cm.*/imp. obtained for Carcinus axons by essentially the same 
method (Keynes, 1951). The discrepancy between the two figures could have 
been caused. by experimental error, but it nevertheless seems probable that 
there is a genuine difference between the two species, due perhaps to the smaller 


: diameter or to the higher resting membrane potential and relatively slower net 


leakage of potassium in Carcinus axons. The indirect method of measuring the 
net potassium leakage during activity gave a similar difference, since Hodgkin & 
Huxley (1947) found a value of 1-7 x 10-* mol./cm.*/imp. for Carcinus, while 
Weidmann (1951) found 3-4 x 10-! mol./cm.*/imp. for Sepia. 

By subtracting the inward from the outward flux, the net leakage of potas- 
sium during activity is obtained, the result being 4-3 x 10-™ mol./cm.?/imp., | 
with limits of 3-5 and 5-1 x 10- mol./cm.?/imp. This agrees to within experi- 
mental error with the figure of 3-6 x 10-7 mol./cm.?/imp. obtained directly by 
activation analysis (Keynes & Lewis, 19516), and with Weidmann’s result 
quoted above. 

Errors arising from extracellular radvoactinty 

It has been assumed so far that no appreciable errors were introduced by 
extracellular radioactivity, which might have made the apparent inward 
fluxes rather higher than their true values. A simple calculation will show that 
this was justified. The effective thickness of the extracellular connective tissue 
sheath surrounding Sepia axons is about 13. (Keynes & Lewis, 1951). The 
external potassium concentration is 9-7 mm. (see Table 1), For an isolated 
200. axon in which the intracellular potassium concentration is 246 ma., only 
1% of the total potassium is extracellular. During the first resting dip about 
1% of the internal potassium was exchanged, so that immediately on lowering 


- the axon into the measuring chamber the total recorded radioactivity would 


have been roughly half intracellular and half extracellular. As can be seen 
from Fig. 5 the half-time for removal of extracellular ions was of the order of 
I min. The first count was never begun until the axon had been in the chamber 
for at least 3 min., since some time was always spent in adjusting its position 
over the window, and in removing the dish of K* sea water to another room 
so that it could not affect the Geiger counter background. By the time the 
counting was started only 12% of the total K* was extracellular, and since 
the counting period was 10 min., the error in the first count was less than 2%. 
For later dips 1 in the K* sea water the errors due to extracellular K* were even 
smaller, since the axons already contained some intracellular K* at the begin- 
ning of the dip. This calculation also explains why there is in Fig. 4 no sign of 
any rapid initial loss of extracellular radioactivity, nor was end such loss ever 
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In the experiments on sodium movements, which were in all other respects 
done in exactly the same way as those already described, any counts taken 
within 8 min. of removing an axon from Na* sea water were ignored in working 
out the results. This modification in the procedure was necessary because of the 
relatively greater extracellular radioactivity when working with Na™, The 
specific radioactivities of the solutions, expressed in counts/min. per mol. of 
sodium or potassium, were roughly the same as before, but sea water contains 
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Fig. 5. Movements of Na™ in a Sepia axon (Exp. 125B). Room temperature 14° C. Axon diameter 
170 p. For entry of Na*, 1 count/min, was equivalent to 4:25 x 10-" mol. Na/em. axon. The 
vertical bars drawn through the first four counts indicate + the s.z.; for the remainder of the 
counts the 8.z.’s were not large enough to be shown in this way. 


nearly 50 times as much sodium as potassium. On removal of an axon from Na™ 
sea water after the first resting dip about 90% of the total radioactivity was 
extracellular, but the external Na™ was washed away with a half-time of about 
1 min. (an average from a number of experiments with Na), so that after 
8 min. all but 4% of the total Na™ was intracellular. The counting period was 
again 10 min., except for a few of the initial counts which were in any case not 
used, so that the error in the first good count was under 1%. After the axon 
had been stimulated in Na™ sea water a much greater proportion of the total 
radioactivity was intracellular, so that the errors were smaller still. 
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‘The inward sodium flux im resting and stimulated axons 

The inward sodium fluxes were determined with Na™ by the procedure 
already described for potassium, The s.z.’s of the results for the resting fluxes, 
which are given in Table 3, were sometimes rather large. This was partly because 
in the earlier experiments no attempt was made to determine the resting fluxes 
very accurately, and the periods of immersion in Na™ sea water were shorter 
than they might have been, and partly because the specific activity of the Na™ 
samples was not very high (the large neutron pile at Harwell was not in 


Tazz 3, The movements of Na” in Sepia axons 


Exp. diam. ‘ Resting Stimulated Resting Stimulated 
no.  (10- mol,/om,*/sec.) (10? mol./em.*/imp.) (hr.-) (imp.-}) 
106 «178 154 4 10-1405 0-26 +.0-04 
49+54 8-8+0-6 
3 88475 
107A 205 364 9 9-2+0-5 0-09 +0-04 
80+ 53 
109 «145 30+ 6 14-440-8 0-31+40-07 
91447 
*125+53 
110A 186 234 9 15-040-8 0-13 +.0-04 
82+79 
113-287 11-3406 0224006 23412x10-* 
33+10 : 
125A 179 5-3+40-4 0-28+0-06 8742-0 
| 92415 
125B 170 37+ 7 0-:09+0-04 9141-4 
16+ 8 
130 202 158+ 5 12-0406 0-3140-03 8841-5 
Mean 194 61 10-3 0-21 12-4 x 10-* 


The exchange constants and fluxes during stimulation were calculated after subtracting the 
resting values. Each resting exchange constant is the weighted mean of three or four determina- 
tions. Only statistical counting errors were taken into account in working out the standard errors 
of the results, Average axon length 37 mm. Room temperature 13-15° C., except for Exp. 130 
(18° C.), Figures marked * were controls (see text), and were ignored in calculating the average 
resting flux. | 
operation when this work was done). The increment of radioactivity resulting 
from the first resting dip was sometimes less than 20 counts/min. In such cases 


the figure for the inward flux was obtained by taking an average of two or 
three 10-min. counts, and a small correction was made for the resting loss of 


_ Na during the counts, using the average value of the resting exchange constant 


obtained from the subsequent measurements. For the second resting dip the 
normal procedure could be followed, since the axon had by then been stimulated 
in radioactive sea water, and contained enough Na™ for the resting rate of 
loss in the chamber to be determined in the usual way. The increment in 
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radioactivity was nevertheless still small, and its s.z., calculated as in the 
K* experiments, was even larger than for the first resting dip. In six out of eight 
experiments the resting inward flux was greater for the second dip than for 
the first, but the change was only statistically significant in one case—for the 
increase in flux in Exp. 125A, P was 0-009. The average value of the increase 
in flux divided by its s.z. was +0-50 + 0-33 (8.x. for 9 exps.), for which P =0-1. 
As a similar increase, which was certainly significant, was found for K®, the 
effect was probably genuine. a. 
The effect of stimulation on the inward sodium flux was considerable, the 
average value at rest being 61 x 10-” mol./em.*/sec., while when the axon 
conducted 100 imp./sec. it was nearly 1100 x 10- mol./cm.*/sec., an increase 
of about 18 times. In several of the experiments the increase was well over 
twentyfold. The figures for the additional entry during activity ranged from — 
5-3 to 15-0 x 10“? mol./cm.*/imp., with an average of 10-3 x 10-1 mol./cm.*/imp. 
As before, the absolute value of the inward flux depended on a direct calibration 
of the apparatus with a capillary tube, and involved no assumptions as to the 
intracellular sodium concentration. The increments of radioactivity were quite 
large for the stimulated dips, so that counting errors only caused an uncertainty 
of about +5% in the results. Two other sources of error not taken into 
~ account in the figures given in Table 3 were in measuring the axon diameter 
(about + 10%, as has already been mentioned) and in the capillary calibration 
(about +5°%—see ‘method’). The over-all s.z. of each result was therefore not 
more than about +12%, and there can be no doubt that there was a real 
variation in the sodium entry between the individual axons. | 


The outward sodium flux in resting and stimulated axons 

The exchange constants for the loss of Na® in inactive sea water, at rest and 
during stimulation, were worked out by the method already described for K®. 
The resting exchange constants given in Table 3 are each the weighted mean of — 
three or four observations. There was a.slight tendency for the value of k to 
decrease in the course of each experiment, but as the s.z.’s were rather large the 
trend was not, with one exception, statistically significant. In Exp. 130, for 
which it was recorded that the axon was in unusually good condition (its length 
was 44 mm.) and in which the temperature was slightly higher than usual 
(18° C.), there was a marked decrease in the successive values of k, which were 
1-77 0-15, 0-46 +0-09, 0-49+0-06 and 0:29+0-02 Taking all the re- 
maining experiments together, the probability that the decrease in k could have 
occurred entirely by chance was 0:14. As a similar tendency was observed in 
some earlier (unpublished) experiments on the exchange of Na” in whole 
Carcinus nerves, it seems likely that the exchange constant for loss of Na™ does 
in general decrease with time. This does not necessarily imply that the outward 
sodium flux also decreases, since the intracellular sodium concentration rises 
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steadily in isolated axons (Keynes & Lewis, 1951b); it is at present impossible 
to say how the sodium flux itself changes. 

The effect of stimulation on the exchange constant was again greater for 
sodium than for potassium ; it was increased to about 20 times its resting value 
by stimulation at 100 imp./sec. In order to work out the absolute magnitude 
of the outward sodium flux during activity it is necessary to decide on a figure 
for C;. This may be done on the same basis as before, that is by assuming that 
the sodium content increased at a constant rate and making the resting flux 
figures consistent with the value of the initial sodium concentration, 20 ma., 
which is known from the analytical results. The experiments were done about 
4 hr. after decapitation of the animals; the inward sodium flux was 61 x 10-12 
mol./cm.?/sec., the resting exchange constant 0-21 hr.-1, and the axon diameter 
1942. (see averages given in Table 3). Substituting these figures in equation 
(5) the calculated value of C; was found to be 110 mm. This means that the 
outward sodium flux was estimated as 31 x 10-" mol./cm.*/sec. (from equation 
(2)),.and that there was a net gain of 22 mm. Na/hr. The activation analyses 
showed that the net gain of sodium was roughly equal to the net loss of potas- 
sium ; as the two groups of experiments with Na™ and with K* were done under 
very much the same conditions, it is satisfactory to find that application of | 
equation (5) does give almost the same net rates of change of ionic content in 
the two cases (for potassium the net leakage was, as has been seen, estimated 
as 26 mm./hr.). In other words the sum of the values assumed for C,, 245 and 
110 mm, for K and Na respectively, was close to that determined by analysis— 
360 mm. The analyses also showed that the sodium concentration 4 hr. from 
decapitation in axons dissected under the best possible conditions was 60 ma., 
and that the net gain of sodium during the period of stimulation in Na™ sea 
water would have been about 15 mm. A figure of 75 mm. may therefore be taken 
as a reliable lower limit for C;. Some axons which had conducted twice as many — 
impulses as those used in the Na* experiments were found by analysis to 
contain 160 mm. of sodium; this may be taken as an upper limit for C;. | 

The average value of Was, from Table 3, 12-4 x 10-* imp.—t. Taking OC; 
as 110 mM. the outward movement of sodium was therefore 6-6 x 10-™ mol./cm.?/ 
imp., with limits of 4-5 and 9-6x10-™ mol./cm.2/imp. As the total inward 
movement of sodium was found to be 10-3 x 10- mol./cm.?/imp., stimulation 
must have caused a net entry of sodium which lay between 0-7 and 5:8 x 10-* 
mol./cm.*/imp., the most likely value being 3-7 x 10-* mol./cm.?/imp. This 
figure agrees very well with the direct estimate of the net sodium entry made | 
by activation analysis, which was 3-8 x 10-™ mol./cm.*/imp. (Keynes & Lewis, 
19516). It is also consistent with the experiments on the entry of Na™ into 
stimulated squid axons reported by Rothenberg (1950) and Grundfest & 
Nachmansohn (1950). 
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| Controls on the effect of applied current flow 

It could be objected that the effect of stimulation might have been due 
merely to the flow of applied current into the axon at the point of stimulation, 
and not to the effect of the passage of impulses along the axon. In the earlier 
experiments on the potassium leakage from Carcinus axons (Keynes, 1951) this 
possibility was dismissed by doing experiments with nerves which had become 
inexcitable at their extreme ends, and a similar type of control was performed 
here. At the end of Exp. 109 an attempt was made to do a second stimulated 
dip, but after conducting impulses for 2 or 3 sec. the axon blocked and gave 
no more action potentials, although the shock strength was increased to some 
10 times its normal size. The resulting figure for the inward flux is marked with 
an asterisk in Table 3. The few impulses which were conducted would account 
for about 30 x 10-1 mol./cm.*/sec. of the sodium entry, so that for the remainder 
of the dip there was no significant increase in the inward sodium flux. A similar 
control was done at the end of the next experiment, and again there was no 
significant change in the sodium entry. In both of these controls the axon was 
capable of conducting impulses when it was stimulated at a lower rate, or when 
its ends were raised a little further out of the sea water, so that the failure of 
stimulation to affect the sodium entry can only have been due to the fact that 
no impulses travelled along the axon. 


The rapidity of ionic mixing in the axoplasm - 

It has tacitly been assumed that the radioactive atoms entering the axoplasm are mixed with 
the inactive atoms so rapidly that no errors arise from the formation of a radial gradient of specific 
activity. If the specific activity just inside the membrane were to rise much above the specific 
activity at the centre of the axon, the values obtained here for the inward and outward fluxes 
during activity would be too low, since some Na™ would move in and out again without its move- 
ments being recorded. The ionic fluxes are evidently rather large during the impulse itself, and it 
is worth enquiring whether mixing is likely to be sufficiently fast for this potential source of error 
to be neglected with safety. 3 | 

The equations given by Carslaw & Jaeger (1947) show that for an inward flux m, the concentra- 
tion C, of marked atoms at the inner surface of the membrane after a short time ¢ is given by 

(in the case of a semi-infinite solid this expression is valid for any value of ¢; for a cylinder it only 
applies to very small values of ¢). If the whole inward movement of 10 x 10-** mol./cm.* occurs 
during the rising phase of the action potential, which in Sepia lasts for about 0-5 msec. (Weidmann, 
1951), the inward flux momentarily reaches a value of about 2 x 10-* mol./om.*/sec, If the diffusion 
constant (D) of Na+ ions is about the same in the axoplasm as it is in sea water, as seems likely from 
experiments with K* (Hodgkin & Keynes, 1950), it may be taken as 1 x 10-* om.*/sec, Then at 
the peak of a single action potential, from equation (6) | 

C,=0-16 mm. 

As the intracellular concentration of inactive sodium is of the order of 100 ma., a negligible pro- 
portion of the Na* ions which enter during the action potential will be lost again. before they have 
had time to mix with the ions already there. It can also be calculated that for long periods of 


stimulation, for which equation (6) is no | i 
onger valid, no appreciable errors are likely to arise from 
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_ a membrane under the influence of concentration and potential gradients, the 
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Radiation effects | 

No controls were done to check that B-radiation in the Na™ sea water did not damage the axons. 
The highest activity used was about 25 mc./l., and it seems unlikely from the earlier work with 
Carcinus nerve (Keynes & Lewis, 1951a) that this would have had any effect, particularly as the — 
periods of immersion were never more than a few minutes. In any case it is doubtful whether 
radiation effects could have been distinguished from those of poor dissection and other rough 
handling of the axons. 


DISCUSSION | 
Ussing (19496) and Teorell (1949) have pointed out that for free ions crossing 


ratio of the fluxes in the two directions depends only on the electrochemical 
activities of the ions on either side of the membrane, and not on the structure 
of the membrane itself. It has been shown that for a univalent ion in con- 
centrations C; inside and C,, outside, with activity coefficients f, and f,, diffusing 
through a membrane across which the total potential difference (outside relative 
to inside) is #, the ratio of inward flux m, to outward flux m, is given by 
m SoCo 

The same expression can be derived from the equations given by Hodgkin & 
Katz (19494) for the special case of diffusion through a uniform membrane in 
which there is a constant electric field, but the treatments quoted above show 
that it has a more general validity. As the values given here for the resting 
sodium and potassium fluxes in Sepia axons are possibly the most complete and 
reliable that have yet been obtained for any type of cell, it is interesting to 
examine them in the light ofthis relationship, and to see whether the observed 
flux ratios are consistent with the passage of sodium and potassium across the 
membrane as ions following known electrochemical gradients, or whether it is 
necessary to invoke some other type of mechanism to explain the results. 
_ The resting membrane potential in Sepia axons, determined with an internal 
microelectrode of the type developed by Ling & Gerard (1949), filled with 
3m-KCl, is 62 mV. at a temperature of 17°C. (Weidmann, 1951). The axons 
whose membrane potential was measured were in much the same condition— 
they had not been heavily stimulated—as those used in the first two K® 
experiments discussed in this paper, so that the internal potassium concentra- 
tion may be taken as 300 m.mol./l. axoplasm as before. If the water content 
of the axoplasm is 877 g./kg. as in squid axoplasm (Manery, 1939), the concentra-. 
tion of potassium in the axoplasm water will be about 330 mm. The external 
potassium concentration was 9-7 ma. (from Table 1). The value of R7/F at 
17° ©. is 25 mV. Assuming equal activity coefficients in axoplasm and sea 
water (Hodgkin & Keynes, 1950), the theoretical flux ratio for free diffusion 
of potassium ions across the nerve membrane is, from equation (7), given by 


m,|m,=9T = 0-35. 
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The two K® expeceante in question gave inward fluxes of 10-6 and 11-7 x 10- 
mol,/cm.*/sec., and outward fluxes of 27:5 and 38-4 x 10-2 mol./cm.?/sec., so 
that the observed flux ratios were 0-39 and 0-30 respectively. Agreement 
between observed and calculated ratios was therefore very close. The ratio of 
the average inward and outward fluxes for the experiments summarized in 
Table 2, taking C; as 246 m.mol./l. axoplasm for the reasons given earlier, was 
0-29. The corresponding theoretical ratio was 0-43. It is not surprising to find 
a rather smaller observed ratio in these experiments, since the axons were 
certainly in poorer condition owing to the rough treatment they had received, 
and probably had membrane potentials appreciably lower than the 62 mV. 
used in the calculation. It may be noted that in Carcinus axons the inward and 
outward fluxes are much more nearly equal (m,/m,=0-86—Keynes & Lewis, 
19514), and that in this case the membrane potential is about 80 mV. (Huxley 
& Stampfli, 19514), which is not far below the theoretical potassium diffusion 
potential, at which the fluxes should be equal. Although none of these figures 
are sufficiently reliable to provide final proof of the point, they are consistent 
with the view—already supported by several other lines of argument (Ussing, 
1949a)—that no active transport mechanism is needed to account for the 
movements of potassium in the resting axon, K* ions being free to diffuse 
passively through the membrane. 

Similar calculations for the sodium fluxes give a very different answer. The 
figures in Table 3 show that the observed ratio of inward flux (61 x 10-" 
mol./em.*/sec.) to outward flux (31 x 10—*. mol./om.®/sec, taking C, as 110 
m.mol./l. axoplasm) was 2:1. Taking the external sodium concentration as 
458 ma. (see Table 1) and the internal concentration as 120 mm. (when ex- 


pressed in terms of axoplasm water as above), the calculated value of the flux 
ratio for the free diffusion of Na* ions is 


m, = 458 x e*48/120 = 45, 


This may not quite represent the state of affairs in a freshly dissected axon, 
but the discrepancy is nevertheless much too large to be due to experimental 
errors. The greater part of the outward sodium flux cannot be due to the 
diffusion of free ions, The only alternative explanation—that the activity 
coefficient of the sodium in the axoplasm is 20 times that in sea water—seems 
highly implausible. In other words, if the inward sodium flux of 61 x ogg 
mol./cm.?/sec. were due to an inward diffusion of Na+ ions, then the outward 
flux of ions diffusing against both the concentration and potential gradients 
would only be about 1-3 x 10- mol, /cm.2/sec., as compared with an observed — 
value of 31 x 10-2 mol. |cm. */sec. Most of the outward flux must therefore 
be due to sodium carried in non-ionic form, either by an active transport 
system requiring the performance of osmotic and electric work, or by the type 
of exchange diffusion proposed by Ussing (1949). 
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‘There is little direct evidence to show which of these possibilities is the more 
likely to be correct. An active sodium pump cannot be Tuled out on the grounds 
that it would require more energy than is available from the resting meta- 
bolism, as the following calculation shows. Assuming the density of axoplasm 
to be about 1-04 g-/em.*, the sodium content of the axon may be taken as 
110/1-04 or 106 m.mol./kg: axoplasm. The resting exchange constant for loss 
of Na™ was (from Table 3) 0-21 hr.-*, whence the total amount of sodium moved 
through the membrane was 


106 x 10-* x 0-21 =2-2 x 10-5 mol./g. axoplasm/hr. 


The total work necessary to move this quantity of. sodium against a@ con- 
centration gradient of 458/120 and a resting potential of 62 mV. is given by 


w= 2-2 x (RT log, 458/120 + F x 62 x 10") joules/g. 
= 0-049 cal./g. axoplasm/hr. 


f According to the results quoted by Arvanitaki & Chalazonitis (1949), the 


resting oxygen consumption of 200 uw. Sepia axons is 160 cu.mm./g./hr. This 
would correspond to a heat production of abont 0-8 cal./g./hr., which is not 


_ far from the figure of 0-69 cal./g./hr. for Maia nerve at 21°C. obtained by © 


Beresina & Feng (1932). . If all the energy from the resting metabolism were 
used to operate a sodium pump, the efficiency of the mechanism would there- 
fore only need to be about 6%. This figure is appreciably lower than that 
found when a similar argument is — to the case of frog sartorius muscle 
(Levi & Ussing, 1949). 

It was found in some unpublished ceseisente that there was no immediate 
change in the outward sodium flux when Sepia axons containing Na* were 
transferred from inactive sea water to a sodium-free solution in which an equi- 
molar quantity of choline chloride had been substituted for the sodium chloride, 


. although in this solution the axons {at once became reversibly mexcitable. 


There were interesting changes in the resting exchange constant after long 
periods in choline, but these have not yet been properly investigated. An 
exchange diffusion would presumably stop when there were no sodium ions 
outside the membrane, so that the lack of any immediate effect rather suggests 
that the process is a pump operating independently of the external sodium 
concentration. Much further experimental analysis of the sodium movements 
in axons soaked in sodium-free solutions is, however, necessary before any 
definite conclusion is reached. The tendency of the resting exchange constant 
for sodium to fall in the course of the experiments, that is to say as the internal 
_sodium concentration increased, also seems to suggest a sodium pump extruding 
a constant or even a decreasing amount of sodium in unit time, rather than an 
exchange diffusion, although again further analysis might provide a different 
explanation. In any case it seems quite likely, as Ussing has suggested, that 
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a combination of the processes is at. work, since a sodium, pump mechanism — 


might well allow some simultaneous exchange of sodium to occur. 


In order to make a further analysis of the correlation between the ionic | 
fluxes and the electrical behaviour of the nerve membrane it is convenient to — 


use the ‘constant field’ equations derived by Hodgkin & Katz (1949a). As they 
have made clear, these equations can only be regarded as approxintations, but 
- they nevertheless provide a useful basis for examining some of the experi- 


mental results. They have shown (equation 2°3, p. 75) that if the electric field — 


_ is regarded as constant throughout the membrane, and if certain other plausible 
assumptions are made, the contribution of potassium to the total inward 
current density through the membrane is given by 


| 


where [K], and [K], are the activities outside and inside the membrane, V is the 
potential difference across the membrane at any moment, and P, is a per- 


‘meability constant whose magnitude depends on the mobility and solubility 


of K+ ions in the membrane. . Similar expressions are obtained for Nat and Cl- 
ions. The value of J; given by this equation represents the net potassium 
current through the membrane at a potential V, and it is easy to show that the 
two terms of which it consists represent the inward and outward fluxes as 
determined with tracers. Expressed i in mol. /cm.?/sec. rather than in electrical 
units the fluxes are therefore given by 


FV 
FV e-VFIRT 


The ratio of these two expressions reduces to equation (7) for the flux ratio, as 
has already been mentioned. Now Gx, the contribution of potassium to the 
total electrical conductance of the membrane (@), can be defined as 


(11) 


where £ is the normal resting membrane potential when no current is flowing 
through any external circuit. On différentiating equation (8) and putting 


V =E£ it follows that 
F? (m F(m,— 


This expression is useful in comparing membrane conductance with ionic 
fluxes in an axon which is not in a steady state. In an axon in a state of 


equilibrium, which is neither losing nor gaining potassium, the inward and 
outward fluxes are equal, and the expression reduces to 


Gx 


(13) 
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It can be shown (Hodgkin & Huxley, 1951) that this relationship has a wider 
validity than equation (12); it depends only on the assumption that the ions 
traverse the membrane independently of one another, and is valid for any 
distribution of electric field. Both equations (12) and (13) apply only to ions 
moving along electrochemical gradients, and except under special circum- 
stances are not applicable to substances transferred across the membrane by 
carrier system. 

Taking the values of potassium fluxes for axons in good condition quoted 
earlier in this discussion, the resulting theoretical values of Gy are, from 
equation (12), 8:5 and 11-5 10-* mho/cm.?. For the experiments in Table 2 
the theoretical value is 17-2x 10- mho/cm.?. If, as is suggested by the data 
for squid axons obtained by Hodgkin & Katz (19492), potassium ions carry 
about half the total membrane current, these values all seem rather high 
compared with the results of Weidmann (1951) who found an average total 
membrane conductance of only 8-0 x 10-5 mho/cm.? in a series of Sepia axons. 
The discrepancy may be partly due to a worse condition of the axons used in 
the tracer experiments, and Weidmann recorded some axons with conductances 
as high as 100 x 10-> mho/cm.?, so that the ranges of the two sets of figures did 
overlap. Moreover, it is possible that axons pulled up into a layer of paraffin 
oil for determination of membrane constants do have a lower membrane 
conductance than when they are in a large volume of sea water, since Weidmann 
also reported that the resting net potassium leakage was considerably slower 
than in the tracer experiments. The correlation between ionic flux and mem- 
brane conductance cannot be completed until the contributions of chloride and 
sodium have been assessed, and until some decision has been reached about 
the nature of the outward sodium flux. It may in the meantime be concluded 
that, as in Carcinus (Keynes & Lewis, 1951 a), the potassium flux in Sepia axons 
is of the order expected from their membrane conductance. 

It follows from equation (9) that a value for the permeability coefficient ratio 
for sodium and potassium is given by 

_ External [K] Inward Na flux 
External[Na] Inward K flux 
458 16-7 
=0-077. 


As the resting potentials and intracellular concentrations are very similar in 

squid and Sepia this result may be compared with the figure of 0-04 taken by 

Hodgkin & Katz (1949a).for squid axons in order to fit the constant field 

equations to their own and Curtis & Cole’s (1942) data for the variation of 

membrane potential with external ionic concentration. Some discrepancy 
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between the two figures in the observed direction is not unreasonable, since the 
permeability ratio. assumed by Hodgkin & Katz might be smaller than that 
found here if there were an active extrusion of sodium balancing part of the 
inward flux, or if part of the inward sodium flux were due to an exchange 
diffusion (since sodium crossing the membrane in this fashion would not affect 
its electrical behaviour). Once more the comparison cannot be pursued any 
further without knowing more about the mechanisms governing the sodium 
fluxes, but it is nevertheless satisfactory to find that the two figures are of th 

same general magnitude. | 

The changes in ionic flux observed during activity agree superficially with 
what might be expected on a variety of grounds. For instance it is evident 
from equation (10) that since during the action potential the membrane is taken 
even further from the theoretical potential for a potassium electrode than it is 
in the resting condition, there is likely to be some increase in the outward flux 
even if there is no change in the membrane permeability. Moreover, the 
appreciable turn-over of sodium during activity is consistent with the fact that 
at the peak of the action potential the membrane approaches fairly close to the 
theoretical potential for a sodium electrode (Hodgkin & Katz, 19492), where the 
inward and outward fluxes of sodium ions would become equal. It could be 
argued in a purely qualitative way that the flux changes might be merely the 
result of changes in membrane ie. imposed by some mechanism operating 
independently of the ionic movements, instead of being themselves the direct 
cause of the potential changes, as is supposed by Hodgkin (1949, 1950) in the 
sodium hypothesis of nervous conduction. This argument would be strengthened 
if the actual ionic movements were no greater than those expected for a mem- 
brane whose permeability did not alter, and weakened if the opposite were the 
case. It is therefore instructive to use the constant field equations as a basis 
for examining the effect of activity on the ionic fluxes in a more critical and 


quantitative manner. 


It is easy to calculate from equations (9) and (10) what the inward and out- 
ward fluxes of anions and cations would be at every point in the course of a 
typical action potential, if there were no change in the permeability constants 
of the membrane. Knowing the way in which the membrane potential V varies 
with time, the values of VF/RT (1 —e-V¥/27) for influx of cations or outflux of 
anions, and of e”¥/RT_V F/RT(1—e-V¥/27) for outflux of cations or influx 
of anions, can be plotted against time. By then considering a total period of 
10 msec. from the beginning of the action potential, and comparing the total 
area under each of the curves with the area which would have been obtained 
if V had remained at its resting level throughout, an estimate can be made of the. 
changes in integrated ionic flux which would occur as a result of stimulation 
at 100 imp./sec. if the membrane permeability remained constant. As the 
quantities finally calculated are the ratios of stimulated to resting fluxes, they 
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are independent of the ionic concentrations and are the same for all species of 
cations (or for all anions). 3 

The results of performing this calculation for typical action potentials in 
Sepia, squid, and Carcinus axons are given in Table 4. The Sepia action 
potential, for which I am indebted to Dr 8. Weidmann, was taken from a record 
made at 17° C. with a microelectrode filled with 3m-KCl, and was corrected for 
the time-constant of the electrode and amplifying system. The squid action 


_ Taser 4, Comparison of observed ionic flux changes during activity with changes calculated from 


the constant field equations for a membrane whose permeability does not alter. Each figure 
is the ratio of the total flux during stimulation at 100 imp./sec. to the resting flux. 


Calculated changes Observed changes 
Cations out Cationsin K out Kin Naout Na in 
127 1-01 o1 88 i222 179 
Carcinus 1-44 0-96 20-7 #26 — — 


potential was taken from Fig. 4 of Hodgkin & Katz (1949); the temperature 
was 20° C., and the axoplasm-electrode junction potential was assumed to be 
14 mV. The Carcinus action potential was taken from Fig. 4 of Hodgkin (1938); 
the record had been made at 20-25° C. with external electrodes, and short- — 
circuiting effects were allowed for by assuming that the true amplitude was 
135 mV. and the resting potential 80 mV. (Huxley & Stampfli, 19514). As the 
table shows, increases in the outward cation flux ranging from 10 to 44% are 
predicted, the effect being smallest in squid, whose action potential was lower 
in amplitude and only about half as long as that of Sepia, though the two had 
the same general shape. In squid and Sepia the hypothetical inward cation 


_ flux decreases during the spike itself, but this is offset by an increase during 


the relatively long positive after-potential which is characteristic of cephalopod 
axons, 80 that an over-all increase of 1 % is predicted. In Carcinus, which gives 
no positive after-potential, the calculations predict a decrease of 4% in the 
inward cation flux. On comparing these figures with the observed ones it is . 
obvious that there are large quantitative differences, and even, in the case of 
Carcinus, a qualitative difference, since the inward potassium flux was found 
with K**to be more than doubled rather than decreased by stimulation (Keynes, 
1951). No suitable figures for the flux changes in squid axons are available at 
present, but they are probably similar to those for Sepva, since the net ionic 
movements are nearly the same in the two species (Keynes & Lewis, 19515). 

Although, as has already been stressed, the constant field equations cannot 
be expected to fit very closely with the experimental results, in view of the 
simplifications made in deriving them, it has been seen that for the resting 


membrane the agreement between theory and experiment is reasonably good, 


It hence seems unlikely that the discrepancies in these calculations . the 
10— 
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effect of stimulation can be due merely to shortcomings in the theory. It can 
only be concluded that the assumption of a constant permeability coefficient 


is wrong, and that there must in fact be a considerable increase in membrane 


permeability during the action potential. An increase in membrane conductance 
during activity has been demonstrated by Cole & Curtis (1939), but their 
electrical measurements did not show what ions carried the extra membrane 
current. Hodgkin & Katz (1949a) suggested on entirely independent grounds 
that the action potential is caused by a specific increase in the sodium perme- 
ability of the membrane, possibly followed by an increase in the potassium 


permeability, and by using more elaborate recording methods further evidence 


for the occurrence of a cycle of permeability changes in squid axons has recently 


- been obtained by Hodgkin, Huxley & Katz (1949). The facts discussed here 


make it seem unlikely that the observed flux changes are simply the consequence 
of potential changes brought about by some mechanism of unspecified nature in 
the membrane, and they help to show that such a process would be most 
wasteful of energy. Furthermore, they provide evidence from yet another 
direction of the increased ionic permeability of the active membrane, and so 
support the conclusions drawn by Hodgkin and his collaborators from their 
work. | 

It would not be justifiable to conclude from the figures in Table 4 that the 
permeability change is much greater for sodium than for potassium. Once it 


has been admitted that the permeability constants may alter during activity 
the results of calculations of this type will be greatly affected by the exact 


moment at which the change is assumed to occur. Moreover, the constant 
field equations apply only to the movements of ions, and it has already been 
seen that much of the resting outward sodium flux must be due to the transport 


of sodium in some combined form, so that in this case it is difficult to make any | 


fair comparison of active and passive fluxes. According to the sodium hypo- 
thesis the increase in sodium permeability is restricted to the rising phase of 
the action potential, while the increase in potassium permeability occurs during 
the falling phase. One of the limitations of the tracer technique is that despite 
its high sensitivity it can only show the integrated changes resulting from the 
passage of a relatively large number of impulses. Although from electrical 
measurements of the changes in membrane current at different phases of the 
action potential it may be possible to predict the integrated ionic flux changes, 
the converse calculation cannot be performed. 

Another respect in which these experiments support the sodium hypothesis 


is that the observed values for the net entry of sodium and net loss of potassium 


are large enough to account quantitatively for the action potential in terms 
of the amount of electric charge transferred through the membrane. How- 
ever, the figures obtained here for the net gains and losses are subject to 
some uncertainty depending on the exact values chosen for the internal ionic 
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concentrations, and this point will therefore be discussed more fully in the 
following paper (Keynes & Lewis, 19516), where direct measurements of the 
ionic content of stimulated Sepia and squid axons are considered. 


SUMMARY 


1. A method of using Na™ and K* to measure the inward and outward 
fluxes of sodium and potassium in isolated 200. Sepia axons is described. 
The inward fluxes were determined directly, but the outward fluxes depended 
on a measurement of the rate constant for loss of radioactive ions in inactive 
sea water, and their absolute values could only be calculated by assuming 
figures for the intracellular ionic concentrations. 

2. The observations on the resting potassium fluxes were consistent with the — 
view that the greater part of the intracellular potassium is free to exchange 
with K®, and that the potassium fluxes across the resting membrane arise from 
the diffusion of K+ ions along electrochemical gradients. The outward fluxes 
were three or four times greater than the inward fluxes, because the resting 
membrane potential was considerably lower than the theoretical potential 
calculated from the potassium concentration ratio. The average value of the 
inward potassium flux was 16-7 x 10-™ mol./cm.?/sec., and the average rate 
constant for loss of K* was 0-15 hr.-. 

3. The average resting inward sodium flux was 61 x 10- mol./cm.®*/sec., so 
that the relative permeability of the membrane to Na and to K was about 0-08. 
The outward sodium flux was only half as great, the average rate constant for 
loss of Na™ being 0-21 hr.-!. The evidence suggested that it might be due to the 
operation of a sodium pump in the membrane. 

4. Stimulation at 100 imp./sec. increased the inward potassium flux 3-3 
times and the outward flux 9-1 times. The extra inward flux during activity 
was 0-39 10-1 mol./cm.*/imp. The best value for the extra outward flux, 
taking the internal potassium concentration as 246 mm., was 4-7 x10-¥ 
mol./em.*/imp. Reliable upper and lower limits to this figure were 5-5 and 
x mol./cm.?/imp. 

5. Stimulation at 100 imp./sec. increased the inward sodium flux 18 times 
and the outward flux 22 times. The extra inward flux during activity was 
10-3 x 10-12 mol./cm.*/imp. The best value for the extra outward flux, taking 
the internal sodium concentration as 110 mm., was 6-6 x 10-™ mol./cm.?/imp., 
with limits of 4-5 and 9-6 x 10“? mol./cm.*/imp. There was thus an appreciable 
turnover of sodium during activity in addition to a net entry. 

6. The observed effects of activity can only be explained on the basis of an 
increase in the permeability of the membrane to sodium and potassium during 
the action potential. The observations are consistent with the sodium hypo- 
thesis of nervous conduction. 
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‘THE SODIUM AND POTASSIUM CONTENT 
‘OF CEPHALOPOD NERVE FIBRES 
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In investigating the part played by sodium and potassium in processes such as 
_ hervous conduction it is important to have fairly reliable values for the intra- 
cellular ionic concentrations. Neither measurements of the electric potentials 
across the nerve membrane, nor the results of experiments with radioactive 
tracers, can be interpreted without knowing the sizes of the ionic concentration 
gradients. Inthe preceding paper (Keynes, 19515) it has been seen that although 
the absolute values of the inward ionic fluxes can be measured directly with 
Na™ and K*, the outward fluxes can only be found by observing the rate - 
constants for loss of radioactive ions in an inactive solution, and their absolute 
values can only be calculated when the true internal concentrations are known. 
There was originally such uncertainty as to the exact sodium content of the 
Sepia axons used in the tracer experiments that it was impossible to decide 
whether there was a net loss or a net gain of sodium during activity (Keynes, 
19494, 6). It was therefore difficult to make any further progress until analyses 
had been made of the sodium and potassium contents of these axons. 
Steinbach & Spiegelman (1943), in their very valuable study of the sodium 
and potassium in squid axoplasm, were working at the limit of sensitivity of 
conventional analytical methods, and their procedures could not have been — 
applied to axons any smaller than those which they used. More sensitive 
- microanalytical methods have been described (Glick, 1949), but they are 
difficult to perform and would be very cumbersome for any work involving 
large numbers of samples. Some time was accordingly spent in developing a 
new analytical procedure for simultaneous determination of sodium and potas- 
sium—and, as it turned out, of chloride as well—using the technique of activa- 
tion analysis. 
Activation analysis, to the possibilities of which our attention was first 
drawn by the papers of Tobias & Dunn (1949) and Brown & Goldberg (1949), 


the activity of the various radioisotopes which have been formed, as a measure 
of the amounts of the parent elements in the samples. It can be used to 


consists in principle of irradiating samples with neutrons and then determining 
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estimate any element which gives reasonable yields of a suitable radioisotope, 
but has hitherto been employed chiefly for microanalysis of trace quantities of 
elements having a particularly large neutron capture cross section (Boyd, 1949). 
In such applications it is generally necessary to separate the different isotopes 
in the irradiated samples by the usual routines of radiochemistry before their 
radioactivity can be measured. On testing the method for sodium and potas- 
sium it was found that when they were major constituents of the sample, as 
they are in most biological material, the Na™ and K* formed during irradiation 
could be estimated accurately without any chemical separation, by virtue of 
their characteristic radiation and half-lives. The only other radioisotopes found 
in any quantity in the samples were P®* and S*®. These could be prevented from 
interfering seriously with the counts of Na” and K® by using suitable filters, 
and exact allowance could be made for the small residual error due to P** by 
taking further counts after the short-lived Na” and K* had disappeared. Both 
sodium and potassium give large yields of their radioisotopes, so that amounts 
down to 0-3yug. could be estimated precisely and without difficulty. It also 
happened that the S* originated almost entirely from Cl, making it possible to 
obtain a fairly reliable estimate of the chloride in some of the samples. 


As soon as it had been established that the method of analysis was practicable, _ 


_ & visit was made to Plymouth in order to collect material to be analysed. The 
main*objective was to compare the sodium and potassium contents of resting 
Sepia axons with those of axons which had been stimulated for some time, in 
order to determine the net losses and gains of ions during nervous activity. The 
design of the experiments suffered slightly from the fact that all the axons had 
to be collected and stored before any of the analyses had been done, and the 
period of stimulation was made rather longer than in fact it need have been, 
in order to make sure of obtaining significant effects. Fortunately, the results 
were more reproducible than had been anticipated, and the figures obtained 
showed clearly the extent of the resting leakage of potassium in exchange for 
sodium, as well as the changes on stimulation. Some samples of extruded squid 
axoplasm were also collected, and the net losses and gains of ions oe activity 
determined. 

The use of this technique for sodium and potassium analysis has been ad- 
vocated by the authors already quoted, but it has apparently not been applied 
before to animal tissues, so that part of this paper will necessarily be concerned 
with the development and reliability of the analytical method. Although it 
was realized from the start that the Na™ could be estimated without any 
chemical manipulation by taking y-counts, the K* in about one-third of the 
samples was separated chemically and counted in a liquid counter. In the 
section on ‘methods’ the procedure which was finally adopted is described 
first, and then the chemical procedure, together with an account of some of the 
errors in the two methods. In the following sections the experiments on which 
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the method is based are discussed, and the results for Sepia and squid axons 
are then given. : | 


A preliminary account of these experiments has appeared in Nature (Keynes 
& Lewis, 1950). | 


METHODS 

Dissection of Sepia axons 

Giant axons, with diameters ranging from 150 to 300 p., were dissected from the mantle of 
Sepia officinalis. Isolated axons tend to degenerate at their cut ends, and the method of dissection 
described in the preceding paper (Keynes, 19516) was therefore modified so that several axons 
could be taken from each half of the mantle, without severing them at their central ends until after 
they had been completely cleaned. The nerve trunks were cut through distally, as far from the 
stellate ganglion as possible, and dissected out of the mantle muscle back towards the ganglion, 
instead of the other way round, When several nerve trunks had thus been freed, the remainder 
were cut, and ganglion and nerves were moved to another dish, where the giant axons were cleaned 
under a binocular microscope in the usual way. Up to six axons were obtained from each half of 
the mantle. This method of dissection also yielded rather longer axons than the earlier procedure. 

While the dissection of axons from the first half of the mantle was in progress, the other half was 
stored in fresh sea water in a refrigerator. Dissection and cleaning took about 1 hr. for each axon, 
so that the second half of the mantle generally remained in the refrigerator for about 5 hr. All the 


. dissections were done in sea water previously cooled in the refrigerator, and heat filters were used 
_ to prevent the water in the dissecting dishes from warming up too much. The average t t 


during dissection was about 10° C.; room temperature was 22° C. 


Stimulation and storage of Sepia axons 

The condition of each of the cleaned axons was tested by grasping the ganglion and the distal 
end in forceps, raising them just out of the sea water, applying square wave shocks to one pair of 
forceps, and observing the action potentials on a Cossor oscilloscope connected to the other. Any 
axon which did not give-a large action potential at a low threshold over the whole of its length was 
rejected; only about one in ten was not fully excitable. The diameter of each axon was measured 
at about six points, with a high power micrometer eyepiece in the dissecting microscope (over-all 
magnification 115x). 

Axons which were to be analysed as unstimulated controls were cut off the ganglion as soon as 
their diameters had been measured. The distal end of the axon had by then been in sea water for 
some time, and probably contained abnormal amounts of ions; 10 mm. of axon was therefore cut 
off at this end. The central part of the axon, usually about 30 mm. long, was put in a small dish 
containing a choline chloride solution isotonic with sea water, in order to wash off all the extra- 
cellular sodium. This solution was made up according to the formula for artificial sea water used 
earlier (Keynes, 19515), an equimolar quantity of choline chloride being substituted for the 
sodium chloride, After being washed for 5-10 min. the axon was quickly blotted, put on the waxed 
bottom of a specially constructed micro-weighing bottle, and weighed on a micro-balance. It was 
then hung over a very fine quartz thread and dried in an oven at 120° C. The dried axons were 
finally transferred, together with about 1 mm. of the quartz thread, into transparent quartz tubes 
about 3 em, long with an internal diameter of about 2 mm., which were sealed off at both ends in 
a gas-oxygen flame. The tubes were labelled, and kept until required for analysis. 

Other axons were stimulated before being stored. Shocks were applied to one pair of forceps, 
usually that in which the ganglion was held, and the exposed ends of the axon were lowered 
momentarily beneath the surface once every } min. in order to prevent them from drying up. The 
pulse génerator was synchronized with the a.c. mains, so that the pulse frequency was an exact 
multiple of 50 imp./sec. Stimulation was generally maintained for 20 min. at a frequency of 
100 imp./see. During this period the threshold did not alter if the axon was in perfect condition; 
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in the few cases in which it rose appreciably the axon was preserved for analysis, but the results 
were not finally used. After stimulation the axon was severed from the ganglion, its distal end was 


Collection of squid axoplasm samples 


| _axoplasm was extruded according to the method described by Steinbach (1941), with some 


~ modifications to make doubly sure that there was no possibility of contamination by extracellular 
material. The ganglion and nerve trunk were dissected out of the mantle as far as the first large 
branch of the giant axon, where the trunk was tied and cut. Two threads were tied round the trunk 
about 15 mm. from the distal end, and it was cut between them. The short segment of the giant 
axon was used as the unstimulated control. It was quickly cleaned for a distance of about 5 mm. 
from one end, put in a dish of choline solution, and taken to the balance room for extrusion. Here 
it was laid on filter paper, the last 3 mm. were cut off, and the axoplasm was extruded on to a waxed 
cover slip by gentle pressure with a small rod. The axoplasm was immediately picked up with a 
fine quartz rod, transferred to the weighing bottle, and weighed on @ micro-balance. It was then 


hung over a quartz thread, dried, and bottled as before, using rather wider quartz tubes. Great 


care was taken to see that none of the sample was lost in the process. 

In the meantime the ganglion and remainder of the nerve trunk, about 25 mm. long, fwere 
mounted, on forceps and stimulated in the same way as the Sepia axons. The raised ends were only 
about 2 mm. above the surface, and were lowered once every 2 min. to prevent drying. Shocks 
were applied for 30 min. at a frequency of 200 imp./sec. All the axons conducted perfectly for this 
period, with no perceptible rise in threshold. The end of the giant axon was then cleaned, its — 
diameter was measured, and the axoplasm was extruded, weighed, and stored as before.  =—s-’ > 


Analytical procedure for sodium and potassium eet 
The nerve samples wore irradiated in the large (B.E.P.0.) noutron pile ot Harwell for 1 wosk. 
Once the analytical technique had been fully worked out they were irradiated.in batches of about — 
twenty, but earlier not more than six were sent each week. The tubes were held in a bundle: by 
elastic bands, and packed in cotton wool in standard aluminium cans, | in. in diameter and 3 in. 
long. Three tubes containing about 20 mg. each of *Specpure’ K,00,, three of Na,CO,, and one 

of KH,PO,, were spaced evenly round the bundle. 

When the can was returned to Cambridge, each tube was broken open, and the nerve was 
transferred with fine forceps to a drop of inactive K,CO, solution in the centre of a numbered 
nickel dish, or, in the earlier analyses, of a small piece of platinum foil. The inside of the tube was 
washed several times with distilled water, using a very fine pipette, and the washings were added 


_ to the drop on the dish, making a total volume of about 0-15 ml. The dish was then dried under an 


electric fire, the K,CO, ensuring that the salts were spread in an even layer. 

Counts were taken with a conventional single-ended Geiger counter (G.E.C. Type GM4), in a 
lead castle in which the tray carrying the samples was 15 mm. below the end-window, brass filters 
being inserted in a slot 7 mm. below the window. The routine for each sample consisted in taking 
first a 10-min. count with a thick brass filter (4-6 g./cm.*), then two 5-min. counts with a thinner 
brass filter (0-46 g./cm.*), and finally another 10-min. count with the thick filter. For samples 
giving exceptionally low counting rates the counting times were increased so as to give a total of 
the order of 20,000 counts with each of the filters, making the standard error generally less than 
+1%. These counts were almost all taken between 4.0 p.m. and midnight on the day the samples 


_ were removed from the pile (at 6.30 a.m.); a few were not done until the following morning. After 


being counted the samples were either preserved for subsequent determination of the P® and S*, 


Standardization 


_ washed into 25 ml. volumetric flasks. The wore then raid 
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brom-phenol blue as indicator, to determine the total alkali present, and the flasks were made up 
to the mark. Duplicate samples of about 30 mg. of solution were weighed out from each flask on 
to nickel dishes, one drop of the K,CO, solution was added, and the dishes were dried. The Na 
standards were counted with the thick y-filter, and the K standards with the thinner f-filter. On 
several occasions the standards were counted with both filters, in order to obtain an accurate value 
for the relative counting rates for B- and y-radiation. , ) | 


Calculation of results : 

For Na™ the relative counting rate with B- and y-filters was 1:130:1. For K* it was 126:1. If 
the sample gave average counts of Cy and C,, with the B- and y-filters respectively, and if the P®* 
in the sample gave a count Cp with the -filter, then the count due to y-radiation from Na™ was 

and the count due to f-radiation from K* was 
Cx =1-000(Cg-Cp-1-130C,). 


After calculating the moles of Na or K corresponding to 1 count/min. with the appropriate filter 
at the mean time at which each of the samples was counted, their Na and K contents could be 
worked out. 


Procedure for chemical separation of K* 

After the y-counts had been taken to determine the amount of Na™ present, the samples were 
incinerated in an electric furnace for 2-3 hr, at a temperature rising from 200° to 500° C. In the 
earlier analyses the samples were on platinum foil, and were incinerated on the foil in covered 
silica crucibles. After incineration they were washed off the foil into platinum crucibles with about 
i ml. of hot distilled water, and then evaporated dry in an oven at 110°C. In the later analyses 
they were washed off the nickel dishes into platinum crucibles before incineration. 

The ash was dissolved in 0-2 ml. of water, and 0-5 ml. of lithium dipicrylaminate reagent (Keynes 


_ & Lewis, 1951) was added drop by drop. After gently warming to facilitate crystallization, the 


crucibles were left at room temperature for an hour, and then put in an ice bath for at least 3 hr. 
The precipitate of potassium dipicrylaminate was filtered at 0° ©. in the ice bath with a B.T.L. 
Grade 4 sintered glass filter stick, fitted as described by Lewis (1951a). It was then washed with 
four 0-1 ml. portions of a mixture of 1/30 lithium and sodium dipicrylaminates cooled to 0° C. The 
precipitate was next dissolved in a few ml. of aqueous acetone and siphoned into a 25 or 50 ml. 
volumetric flask. The filter stick was washed with several portions of hot water, which were added 
to the contents of the flask. The flask was then made up to the mark with water. 

The K*? was counted in an automatic-filling liquid counter of the type shown in Fig. 1. Coun 
were also taken with solutions of known strength made up from the K® standards. 
Phosphorus determinations 

The P** in all the samples which had not been treated chemically was counted about a fortnight 
after irradiation, using a mica filter of thickness 25 mg./cm.* to cut out soft B-radiation from S*. 
The counts were standardized against the P** in samples of KH,PO, which were irradiated with 
each batch of nerves. 

Some samples were counted again about 3 months after irradiation to determine the amount 
of S*, and hence of chloride, in them. A mica window counter was used (G.E.C. Type EHM2), 
and the counting rates were of the order of 100-400 counts/min./mg. nerve. Parallel counts were 
taken-with a mica filter (25 mg./om.*) so that correction could be made for the small amount of ps 
(about 20 counts/min.) which was still present. The counts were standardized against the S* in a 
sample of about 6 mg. of NaCl which had been irradiated with the nerves. Portions of the NaCl 
were weighed accurately on to nickel dishes, the same quantity of K,CO, added as for the nerve 
samples, and the dishes were dried under an electric fire. 
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There were two sources of error in counting the S* which were not appreciable in counting Na, 
K**, or P®, These were radiation losses from self-absorption in the samples, and losses of S* as 
H,S8 in drying the samples. The standards and the samples were treated in exactly the same 
fashion so as to reduce these errors to a minimum. They might have introduced a further s.z. of 
the order of +6% in the results, though it will be seen from the figures quoted later that they 
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bottle 
Fig. 1. Diagram (not to scale) of liquid counter used in measuring radioactivity of K** samples. 
The siphon arrangement ensured that it was always filled to exactly the same level. About 
15 ml. of fluid was required for one filling. 
Sources of error in the analytical procedure 
Direct measurements were made wherever possible to check the magnitudes of the errors. They 
were as follows: | 
(a) Variation in the neutron flux. It was tacitly assumed in the calculations that the neutron 
flux during irradiation was the same for all the samples and standards. It is unlikely that the 
neutron flux varied by more than 1% within an empty can, but there might have been point-to- 
point variations greater than this if the can had contained specimens with too large a neutron 
absorption factor. The use of chlorides as standards for sodium and potassium was therefore 
avoided—the neutron absorption factor of KCl is given by A.E.R.E. as 0-30 cm.*/g., whereas for 
K,CO, it is only 0-034 cm.*/g.—and the carbonates were irradiated in tubes whose internal diameter 
was always under 2 mm. The nerve samples weighed less than a milligram, so that there can have 
been no appreciable self-shielding effects in them. The absorption factor for silicon is only 
0-0054 cm.*/g., so that absorption of neutrons by the quartz tubes cannot possibly have reduced 
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the neutron flux atthe centre of the can by more than 0-4%. An upper limit can be set to this 
source of error by examining the counts taken for the standard samples of sodium and potassium 
carbonate, of which there were in all six tubes spaced regularly through each can. The average 
standard deviation of the individual figures for the specific activity was +1-4%. The average 
s.8. arising from statistical fluctuation in the counting rate was +0-8%, leaving +1-:1% to be 
accounted for by all other sources. Most of this must have been due to errors in titration and 
weighing, and to variation in the position of the samples beneath the Geiger tube, so that the 
variation in neutron flux during irradiation must have been rather small. 

(b) Errors due to the method of storing the axons. The dried axons were rather hygroscopic, and 
some of their salt content was always deposited on the walls of the quartz tubes in which they 
were stored. After removal of the axons the tubes were thoroughly washed out with water, and 
the washings were added to the samples on their nickel dishes. In a series of tubes which were. 
washed out twice, the second washing contained only 0-5% of the total radioactivity, so that 
losses from this source were probably less than 1%. Counts taken of the washings of four empty 
tubes which were sealed off and irradiated in the usual way showed that there was only about 
0-001 ug. of sodium on the walls of a single tube. This would have caused a maximum error of 
+0-3%. The small piece of quartz thread on which each sample was suspended while it dried did 
not contain more than 0-00001 yg. of sodium, so that counting it with the sample caused no 
appreciable error. | 

Further experience has shown that these errors can be reduced to negligible proportions by 
using wider quartz tubing (an internal diameter of 3 mm. is convenient), and by drying the samples 
at room temperature, when they do not become hygroscopic. With these modifications the method 
of storing the samples in quartz tubes has the great advantage that they can be handled freely before 
and after irradiation without fear of contamination. 

(c) Weighing errors. In analysing the contents of single Sepia axons, which varied in weight 
between 0-3 and 1-5 mg., weighing errors were one of the most serious sources of error. This is 
further discussed in considering the actual results obtained. 

(d) Counting errors. The counting rates were never less than 100 counts/min., and the s..’s of the 
counts were never greater than +2%. When the counting rate was more than 1000 counts/min. 
correction was made for the paralysis time of the scaler. Errors due to positional variation were 
reduced by adding a drop of K,CO, solution to each dish, which ensured that the samples dried 
evenly, and cannot have been large for the reason discussed in (a) above. 

(e) Errors in the chemical procedure. These were determined, where possible, by using highly 
active samples containing known amounts of radioactivity, and measuring the losses or contamina- 
tion at each stage directly. The separate sources of error were estimated as: 


Volatilization of K** during incineration : -1% 

Incomplete removal of K** from nickel dish -0:3% 
Na included with the +0-:2% 
P®? included with the K* +0-6% 
K* lost in precipitation _ -0:5% 
K* lost in washing precipitate -0:5% 
K* lost by exchange with inactive K in vessels and filter stick -2% 


The over-all error of the K* estimate was determined by incinerating small pieces of dried, un-° 
irradiated crab nerve with known amounts of K**, and then separating and estimating the K* by 
the normal routine. The average result was low by 3-740-6%. This agrees well with the figure 
obtained by addi ther the separate errors. 

axon samples was obtained by making dual measurements, the K* being determined first by the 
radiation discrimination method and then separated chemically. For twenty samples treated in 
this way the chemical method gave a result 4-4+0-6% low. Two further samples gave results 
respectively 12 and 23% low, this being so far outside the normal range that it must have been 
caused by some accident in the procedure. 
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RESULTS 
The radioactive isotopes in irradiated nerve samples | 
It can be calculated from published figures for the yields of isotopes during 
neutron irradiation (all isotope characteristics quoted in this paper are taken 


from Siri, 1949, or from Friedlander & Kennedy, 1949) that only four of the 


elements present as major constituents in invertebrate nerve are likely to make 
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Fig. 2. Decay of 8-radiation from an irradiated sample of Sepia nerve. A, with no 
filter. B, counts taken with a mica filter of thickness 25 mg./cm.*. 


appreciable contributions to the radioactivity of irradiated nerve samples. 
_ These are sodium, potassium, and phosphorus, which give Na™, K*, and P® 
respectively by n,y reactions, and chlorine, which gives 8**-by an n,p reaction. 
The other elements found in biological material in relatively high concentra- 
tions—H, 'C, O, N, Mg, Ca, 8, and Fe—give little radioactivity, since their 
isotopes either have such short half-lives that they have disappeared before 
any counts are taken, or such long half-lives that the counting rates obtained 
are very small. This also applies to the two chlorine isotopes given by n,y 
reactions with stable chlorine. 

The correctness of these calculations is borne out by the decay curves given 
in Figs. 2 and 3. Fig. 2 shows the decay of f-radiation from 11-3 mg. of Sepia 
nerve which had previously been irradiated in the neutron pile for a week. The 
initial half-period of decay was about 14 hr., this being intermediate between 
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the values for Na™ (14-8 hr.) and K® (12-4 hr.). After 6 days decay slowed to 
a half-period of 14 days, characteristic of P®? (14-3 days), and continued at this 
rate for about 3: months until only 8* (87-1 days) was left, with traces of other 
long-lived isotopes. Counts taken with a mica filter of thickness 25 mg./cm.? 
which would have cut out all the rather soft radiation from $5, decayed to sero 
with a half-life (calculated by the method of least squares) of 14-4+0°3 da 

so that after the Na™ and K*® had gone P®? was almost certainly the oe 
isotope giving strong radiation which still remained. In this sample the 8% vl 
somewhat under-represented, since the nerve trunk was not incinerated before 
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Fig. 3. “Decay of B-redistion from an irradiated sample of squid axoplasm. A, with no filter. 
B, counts taken with a mica filter of thickness 25 mg./em.*. C, the component giving very 
soft B-radiation, calculated from the difference between A and B. 


it was counted, and was so thick that much of the soft radiation must have | 


been lost by self-absorption. The decay curve shown in Fig. 3 was obtained 
with a sample of squid axoplasm whose contents were spread thinly and evenly 
over the nickel dish. It gave considerably more S* relative to the amount of 
P® than the Sepia nerve trunk. Again the counts taken with a mica filter 


_ decayed to zero at exactly the right rate for P** (14-4+0-2 days), and in this 


case it was also possible to calculate the rate of decay of the soft-radiating 
component, from the difference between the filtered and unfiltered counts, 
which had a half-life of 83 +2 days. ; 

These curves do not by themselves provide adequate proof that the only 
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far. The question of interferénce by other isotopes will be considered more fully 
in the discussion which follows of the methods by which the contributions of 
the four most important radioisotopes were determined. 


The estimation of Na™ and K® in irradiated samples | 
Table 1 shows the counting rates for the different isotopes in a typical Sepa 
axon sample, 10 hr. after removal from the neutron pile. The problem is to 
separate Na” and K* from each other, and from the two longer-lived isotopes. 
It is a fairly simple matter to deal with Na™, because it gives extremely strong 
y-radiation. K* also gives some y-radiation, but whereas Na™ emits two y-rays 
of energies 1-4 and 2-8 MeV. respectively for each disintegration, K* only gives 


‘Tastx 1. The principal radioactive isotopes in a typical irradiated Sepia axon. The figures show 
the counting rates, in counts/min., given by a sample weighing 1 mg., 10 hr. after removal 


p-filter With y-filter 
No filter (0-46 g.jom.*) (46 
Na*™ 15,000 450 400 
K* 12,000 3,000 
ps 1,500 16 0 
150 0 0 


one y-ray of 1-5 MeV. in 25 % of its.disintegrations and none in the others. The 
y-radiation from Na” is hence counted over 10 times as efficiently as that from 
K®, P® and 8* do not give any y-tadiation. The yield of Na during irradia- 
tion, expressed per mole of sodium, is also about 10 times the yield of K* 
(since the stable isotope Na® is relatively more abundant than K®), with the 
result that, as Table 1 shows, about 95% of the total recorded y-radiation given 
by a Sepia axon sample originates from Na**. The sodium content of the 
samples could therefore be determined by taking a y-count, and the only 
correction necessary was a small one for K*. The validity of this procedure is 
illustrated by Fig. 4, which shows the decay of y-radiation from the sample of 
Sepia nerve which was used for Fig. 2. The count was reduced from, 17,000 to 
2 counts/min. with a half-period of 15-03 + 0-06 hr., and there was no significant 
amount of any long-lived y-active component. The discrepancy between the 
observed half-period and the correct half-period for Na™ could have been due 


to the presence of enough Br®, whose half-life is 34 hr., to. contribute about 


0-5% of the initial count. The only disadvantage of determining Na™ solely 
by its y-count is that there may be slight errors from the presence of traces of 
heavy elements giving exceptionally large yields of y-active isotopes whose 
half-lives are comparablé with 15 hr., which will of course be counted assodium. 
This possibility will be discussed in detail in the next section, and it need only 
be noted here that it was found not to cause an error of more than 1% in the 
sodium analyses. 

The method used at first to éstimate the amount of K* j in the samples was 
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other isotopes, so that it could be counted in a liquid counter. The conventional 
reagents for precipitating potassium were unsuitable for this purpose-— 
cobaltinitrite because it is a double salt of Na and K, and would bring down 
Na™ as well as K®, and perchlorate and platinichloride because their relatively — 

high solubility would entail the use of inconveniently large amounts of carrier. _ 
The reagent chosen was the dipicrylaminate, which had already been tested 
fairly extensively for colorimetric estimation of small amounts of potassium in 
crab nerve and frog muscle (Keynes & Lewis, 1951; Lewis, 1951), and which 


i i | 
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Fig. 4. Decay of y-radiation from an irradiated sample of Sepia nerve (counts taken with a brass 
filter of thickness 4-6 g./cm.*). Counting was begun 14 hr. after removal of the sample from 
the neutron pile. The bar drawn through the last point indicates + the s.u. of the count. The 
errors for the other counts were too small to be shown in this way. | 


was known to be suitable for precipitating potassium with no danger of co- 
precipitation of sodium. The exact procedure adopted has been outlined in the 
section on ‘methods’. It proved difficult, even under the best conditions, to 
recover more than 96%, of the K*, and occasionally the losses were even greater 
for no obvious reason, 

It was realized later that K** could be estimated without separating it 
chemically, by taking advantage of the exceptional strength of its B-radiation. 
The principle involved should be clear from Fig. 5, which shows the variation 
in counting rates for K*, Na®, and P** when filters of different thicknesses are 
inserted between the tray carrying the radioactive sample and the Geiger 
counter. A single-ended Geiger counter of the type used (G.E.C. Type GM4) 
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is rather inefficient for detecting y-radiation, but fairly efficient for B-particles, 
For small filter thicknesses the counting rate is attenuated roughly in inverse 
proportion to the £-particle energy, so that the counts for Na™ (1-4 MeV.) and 
2 (1-7 MeV.) are reduced much more rapidly than that for K* (3-6 and 2-1 
MeV.). With very thick filters a plateau is reached where most of the count is 
due to secondary f-particles produced by the y-rays; for K™ this plateau is not 


shown on the figure, since it only occurs at about 0-2% of the initial count. 
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Fig. 5. Variation in counting rate with filter thickness for K*, P®*, and Na*. Filters were thin | 


sheets of nickel or brass. Radioactive samples were 15 mm. below window of GM4 Geiger 
tube, and filters were inserted about 7 mm. below window. 


It is evident that for optimum discrimination between K® and N* the filter _ 


should have a thickness of about 400 mg./cm.?; furthermore it should be of a 
light material such as aluminium. For various practical reasons the filter 
actually used was brass, and had a thickness 460 mg./cm.*. This gave a dis- 
crimination reasonably close to the maximum, and at the same time almost 
completely cut out the radiation from P**. For an unstimulated Sepia axon 
(see Table 1) the recorded B-count taken with this filter was due mostly to K*, 
the proportion contributed by Na™ being about 13%, and by P* less than 1%. 
Knowing the exact relative counting rates for the y- and f-filters for Na™ and 
K* it was hence only necessary to count each sample with the two filters in 
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turn, and the separate contributions of the two isotopes could then be calculated 
(see ‘Methods’). The correction for P* could be made by allowing the Na” 
and K® to decay and taking a count with a mica filter, from which its contribu- 
tion to the 8-count at the time of the original measurements could be worked out. 

This method of determining K suffers from the same disadvantage of pos- 
sible interference by trace elements as does the determination of Na™ from its 
y-count alone, though this is actually a smaller source of error than the in- 
evitable losses which occur at various stages in the chemical procedure. The 


5000 , 


0 50 100 150 


taken with a brass filter of thickness 0-46 g./cm.*. A, uncorrected f-count. B, B-count with 

contributions from Na” and P* subtracted. Vertical bars through two of the points indicate 

+ the 8.2. of the count. 
curves in Fig. 6 show the decay of filtered 8-radiation from an irradiated sample 
of Carcinus nerve. The contribution of Na™ was found by taking a y-count at 
the beginning of the series of measurements; it was initially 93 counts/min., the 
total sodium content of the nerve having been reduced by soaking it in a 
choline solution to remove extracellular sodium before storing it. The contri- © 
bution of P%* was determined by taking a mica filter count after 10 days, and 
corresponded to an initial count of 33 counts/min. By subtracting these from the 
B-count the K® count was obtained. This decayed with a half-period of 
12:3+0-1 hr., which confirms that there were no appreciable quantities of any 
other strongly B-active isotopes in the sample. i a. 
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Interference caused by trace elements 

~ Most elements give rise to radioactive isotopes when they are irradiated with 
slow neutrons, and some of the heavier ones give enormous yields. It was 
important to see whether any of the elements known to be present in trace 


"quantities in biological material might cause serious interference. The error due. 


TABLE 2. 
by activation analysis 


Error 
radiation Na“orK** inv.nerve K® 
Isotope Half-life (MeV.) (%) (mg./kg.) (%) 
(a) B-emitters; activity and errors relative to K* 
170m 1:8 0-2 100! 0-002 
ps 14-3d. 1-7 6-3 1000? 0-6 
38m 1-2, 2-8, 5-0 4600? 0-04 
Ca® 2-5h. 2-3 0-015 0-0005 
Sc 85d, 0-4, 1-5 20 18 0-0002 
Mn** 2-6h. 0-8,1-0,2:3 610 0-42 0-024 
Ni* 2-6h. 1-9 0-2 0-0004 
As ..26-8h. 1-3, 2-5,3-0 3500 0-2? 
4-4h, 2-0 155 10? 0-15 
Rb® 19-5d. 0-7, 18 5-5 0-54 0-0003 
Ba 85m. 2-3 0-3 10+ 0-0003 
(b) y-emitters ; activity and errors relative to Na™ 
38m. 1-6, 2-1 0-0025 4600? , 0-012 
Ca*® 2-5h. . 0-8 0-0007 300? 0-0002 
Se 85d. 0-9, 1-1 52 13 0-05 
26-5d. 0-32 0-56 0-006 
Mn 2-6h. 0-8, 1-8, 2+1 37-5 0-42 0-015 
Fe 46d. 1, 1:3 0-002 125+ 0-0003 
Co 5-By. 0-3 2-3 3} 0-007 
Ni*® 2-6h. 0-03 0-0006 
Cu” 12-8h. 1:3 5-0 1-8? 0-009 
Zn® 13-8h. 0-44 0-3 200" 0-06 
26-8h. 0-5, 1-2, 1-7 29 0-2? 0-006 
Br* 34h. 0:5, 0-8,'1-4 38 10? 0-4 
195d. 1-1 0-3 0-54 0-0002 
Cs! 2y. 0-6, 0-8, 1-4 2:1 | 0-054 0-0001 
85m. 0-2, 1-0 0-02 10? 0-0002 


_ All activities are calculated for counts taken 9-5 hr. after the end of 1 week’s irradiation in a 


neutron pile. The f-activity for each element is expressed as a percentage of that for an equal - 


weight of potassium, counts being taken with a filter of thickness 0-46 g./cm.*. Similarly y-activities 
are given relative to sodium, with a filter of thickness 4-6 g./cm.*. Capture cross-sections and decay 


schemes were taken from Siri (1949). Potassium concentration taken as 10,000 mg./kg., sodium — 


were derived as follows: 


1 amount in invertebrate tissues (Webb, 1937). 
discussed elsewhere in this paper. : 
: figure (Harvey, 1945). 
same ratio to potassium as in sea water (Harvey, 1945). 


to a given element depends on four factors—its concentration in the tissue, the | 


yield of its radioactive isotope, its half-life, and the efficiency with which its 


characteristic radiation is detected. As the samples were never counted until 
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at least 95 hr. after they had been removed from the pile, no isotope with a 
half-life of less than 40 min. could still have been present in any quantity when 
the counts were taken. This eliminates a number of elements, notably chlorine, 
whose short-lived isotope C** has a half-life of only 38 min. Many other isotopes 
can be ignored because of the thickness of the filters used in taking the counts; 
there are fortunately very few which give radiation as strong as that given by 
Na™ and K®. The list of possible interfering isotopes given in Table 2 includes 
all those elements remaining which have been reported in animal tissues, and 
gives some indication as:to which isotopes are most likely to cause trouble. 
The list does not include various elements which certainly would interfere, but 
which have never been found occurring naturally in tissues of marine animals. 
In this category those which would have the largest effect are Y, In, Sb, La, 
Pr, Eu, Dy, Ho, W, Re, Ir, and Au. The sources from which the figures were 
derived are given at the foot of the table; many of the figures are unavoidably 
very approximate. Only isotopes formed by n,+y reactions have been included, 
since the only n,p reactions which are important in this connexion are those in 
which 0“, $*, and P** are formed, and corrections can in any case be made for 
these isotopes. 

When this table was first compiled it appeared that the isotopes most likely 
to cause interference were Mn**, Cu™, As’®, and Br**. Though there are figures 


— in the literature for the amounts of these elements in whole marine animals and 


in various organs, no analyses of invertebrate nerve have been reported. The 
quantities present were therefore determined by activation analysis. Samples 
of about 30 mg. (wet weight) of Carcinus leg nerve were irradiated in the usual 
way. 1 mg. each of inactive Cu, As, and Mn were added to the irradiated samples 
as carriers, and, after incinerating, the metals were separated as sulphides by 
conventional methods. Each element was reprecipitated several times in the 
presence of more inactive carriers, so as to reduce mutual contamination to a 
minimum. Radiation characteristics and decay curves were determined for 
each sample isolated, and compared with those of standard samples of MnSQ,, 
As,O3, and OuSO, which had been irradiated at the same time. The average 
figures obtained from duplicate determinations for the concentrations of each 
element in Carcinus nerve were: Cu, 1-8 mg./kg.; Mn, 0-4 mg./kg.; and As, 
0-2 mg./kg. The figures for Cu and Mn are rather lower than might have been 


_ expected from the spectrographic analyses of Webb (1937), but most of his 


results refer to whole animals or soft. parts, and the impression gained from the 
analyses of Phillips (1917) is that these two elements occur mostly in the blood 
and digestive organs. No figures could be found with which to compare the 
arsenic analyses. Each of these elements would have to occur in concentrations 
over 10 times as great as was actually found before they caused serious errors. 

Determinations of Br by activation analysis did not give satisfactory results, 


7 owing to the difficulty of precipitating AgBr without contamination by other 
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isotopes. It seems likely, however, that the ratio of bromine to chlorine in the 
axons will be roughly the same as in sea water, since there is no evidence of any 
marked discrimination between the two elements in marine animals (Krogh, 
1939), and tracer studies have shown the distribution of bromide and chloride 
between tissue and serum to be very similar (Hevesy, 1948). On this basis Br® 
might cause a maximum error of 1% in the apparent sodium content of Sepia 
axons or whole nerve trunks—a figure not inconsistent with the estimate of 
05%, from the decay curve given in Fig. 4. In squid axoplasm samples, con- 
taining less chloride, the error would be smaller. A sample of pure choline 
chloride was irradiated and found to have only a slightly lower bromine- 
chlorine ratio than sea water, though it apparently contained no other un- 
desirable trace elements. The washing of the axons in choline solution would 
therefore not have affected the error due to Br**. 


A useful check on the errors caused by trace elements was to take duplicate counts of the 
samples about a day after the original counts had been taken. The error due to Br* would then 
have been about three times greater for the second count than for the first, owing to the difference 
in half-lives. For four Sepia axons counted twice in this way the average alterations in the 
apparent sodium and potassium conterits for the recount were +0-0102% and +1-6+40-6% 
tespectively, while for four Carcinus nerves they were -0-9+1-4% and —1-6+40-4%,. There was 
thus no appreciable change in the results. Yet another check was to determine the potassium — 
content of four Carcinus nerves first by activation analysis and then by the dipicrylaminate method 
(Keynes & Lewis, 1951). The second determination gave an average potassium content lower by 
1:34+1-3%, so that again there was no significant discrepancy between the two sets of values. 


The sodium and potassium contents of resting Sepia axons 

The results of all the reliable analyses made on unstimulated Sepia axons 
are plotted in Figs. 7 and 8; All the sodium analyses were done by the same 
method—a y-count of the unincinerated sample. The earlier potassium analyses 
were done by separating the K* chemically, and the results were corrected by 
+4-4%,, which was the average discrepancy between this method and the more 
reliable B-count method. Values corrected in this way are plotted as +’s in 
Fig. 8 to distinguish them from those obtained later. The only results rejected 
were those for axons which were recorded as having been damaged in any way 
or whose thresholds for excitation were higher than normal, and those for two 
axons whose volumes calculated from their weights were over 20°% lower than 
their measured volumes, 

It soon became clear that there was a correlation between the sodium and 
potassium contents and the time which had elapsed between decapitating each 
animal and storing its axons for analysis. The results showed a steady gain of 
sodium and loss of potassium. This was not unexpected, since tracer studies 
had already shown a resting potassium leakage in Sepia axons (Keynes, 19514), 
and Steinbach & Spiegelman ( 1943) found that there was a considerable - 
exchange of sodium and potassium in dissected squid axons soaked in sea 
water. It also became clear that the shortest axons contained appreciably 
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more sodium and less potassium than the average. This again agreed with the 
tracer experiments, which had shown an abnormally high potassium leakage - 
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Fig. 7. The sodium content of resting Sepia axons. Ordinate: m.mol. Na/kg. wet weight of whole 
axon. Abscissa: time in hours from decapitation of the animal. The filled-in circles are values | 
for axons which were 21 mm. and less in length. The line was calculated for best fit by the — 
method of least squares, omitting the values for the short axons. Average axon diameter 213 ,. 


Average axon length 29 mm. Temperature 10° C. 
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ig. 8. The potassium content of resting Sepia axons. Ordinate: m.mol. K/kg. wet weight of whole 
axon. of the animal. O, K* determined by f-count. 
+, K® determined in liquid counter after chemical separation. @, axons 21 mm. and less in 
length. The line was calculated for best fit by the method of least squares, using all values 
except those for the-short axons. Average axon diameter 220 y. Average axon length 29 mm. 
Temperature 10° C. 


from short axons. In calculating the resting changes in sodium and potassium 
content, the values obtained for axons 21 mm. and less in length were therefore 
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omitted. This limit was chosen rather arbitrarily, because it happened to 
coincide with an accidental grouping of the axon lengths. As the end 10 mm. 


of each axon had been cut off just before it was blotted and weighed, the axons 
rejected were actually those whose lengths during the period of cleaning were 


less than about 30 mm. The average length of the remaining axons after ther | 


ends had been cut off was 29 mm. Since the dissection of axons from each 
specimen often occupied as much as 10 hr., changes in ionic content with time 
made it impossible to tell whether there was any systematic variation between 
individual animals, and no attempt was made to group the results according to 
the particular animal used. 

The resting rate of gain of sodium, calculated by the method of least squares 


and omitting the figures for the short axons, was 8:8+1-:5 m.mol./kg. whole | 


axon/hr. Inclusion of the short axons made no difference to the slope of the 
regression line, but increased the mean sodium content 2 hr. after decapita- 


tion from 32 +4 m.mol./kg. to 36+ 4 m.mol./kg, The average sodium content 


of the short axons, 64+5 m.mol./kg. at 3-4 hr. from decapitation, was 
certainly significantly greater than that of the remaining axons, which was 
45+3 m.mol./kg. at the same time (P=0-001). 

The resting rate of loss of potassium, calculated in the same way, was 
7-1+3-5 m.mol./kg./hr. taking all the results except those for the short axons. 


Omitting the values obtained by the chemical separation method it was — 
6-9 + 2:3 m.mol./kg./hr., and the potassium content 2 hr. after decapitation was — 


increased from 268+ 11 m.mol./kg. to 282+8 m.mol./kg. The difference was 
largely due to two low values, one of which was for an axon only 23 mm. long. 
Both these axons gave a correspondingly high sodium content, so that the 
discrepancy was probably caused by their poor condition rather than by an 
analytical error; they were among the earliest axons dissected, and sind have 
been less well treated than the others. 


The extracellular space of Sepia axons 

All the axons were washed in choline solution for 5 or 10 min. before being 
stored for analysis. The values plotted in Figs. 7 and 8 are expressed in 
m.mol./kg. wet weight of whole axon—the quantity actually determined. In 
order to calculate the true intracellular ionic concentrations it is necessary to 
know the effective depth of the connective tissue layer. An estimate of this can 
be obtained by comparing the results for axons soaked in choline with those 
for axons taken straight from sea water, since if the figures are for the same 
time from decapitation the intracellular sodium concentrations should be the 
same, but the extracellular concentrations should be zero in one case and 
455 mm.—the sodium concentration in sea water—in the other. After multi- 
plying the observed figures by 1-04, the approximate density (in g./cm.%) of an 
axon, to convert them from m.mol./kg. whole axon to m.mol./l. axon, then if 
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[Na]cy and [Na]sw are the sodium concentrations (in m.mol./I. whole axon) 
for axons taken at corresponding times from choline and from sea water 
respectively, and if [Na]; is the true internal sodium concentration (in m.mol,/l. 
axoplasm), it is easy to see that | 


a(r+d)*[Nalog =ar*[Na]; (1) 
and [Na], +2 455, (2) 


where the effective depth of the extracellular layer is d, and the radius of the 
axon proper is r. After eliminating [Na], this gives 


(r+d)? _ 455 


Table 3 shows the value of d calculated from analyses of four axons taken direct 
from sea water and not washed in choline. The average result was 12-8. This 
estimate may not be truly representative since so few measurements were made, 
and the individual values ranged from 5-2 to 20-1. However, it is close to the 
average figure obtained by Weidmann (1951) in a study of the electrical charac- 
teristics of Sepia axons, and provides a reasonably reliable basis for calculating 
the intracellular concentrations in the other analyses. The value of the factor 
(r +d)*/r* given by the results in Table 3 is 1-20, so that to convert the figures in 


TaBie 3. Analyses of Sepia axons taken from sea water aici 


Time from K Na [Na]in choline extracellular 

Axon diam. decap. concentration concentration soakedaxon _ layer (d) 

(u.) (hr.) (m.mol./l.)  (m.mol./l.) 

300 8-1 307 119 89 5-2 

305 9-2 281 146 100 8-5 

265 1-5 258 127 29 17-2 
ERT 2-1 . 223 171 35 20-2 
Average: 


The Na and K contents of the axons have here been multiplied by 1-04 to express them in 
m.mol,/l. whole axon, the figures in the penultimate column being obtained from the regression 
line in Fig. 7. The value of d was calculated by applying equation (3) as described in the text. 


m.mol./kg. whole axon to m.mol./]. axoplasm they must (from equation (1)) be 
multiplied by 1-04 x 1-20, that is by 1-25. This assumes, of course, that the 


- effective thickness of the extracellular layer is a constant fraction (about 4-8 %) 


of the axon diameter. Young (1936) has found that the sheath thickness does 
increase with axon diameter, though the sheath is relatively slightly thinner in 
the largest axons, It is simplest to assume a constant correcting factor for all 
analyses, and this assumption is unlikely to introduce any large errors. 
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Errors in analysing Sepia axons 

It has so far been assumed that the period of washing the axons in choline solution was long 
enough to remove all the extracellular sodium, but not so long that there was an appreciable loss 
of intracellular sodium. It can be seen from the figures given in the preceding paper (Keynes, 
1951) for the rate of removal of extracellular Na™ from Sepia axons that even in 5 min. washing 
should have been virtually complete. This was confirmed directly by dipping a Sepia axon for a few 
minutes in Na™ sea water and then putting it in three dishes of choline solution for successive 
periods of 10 min. All but 0-2% of the Na™ was washed off in the first dish. It has also been 
found with Na™ (Keynes, unpublished) that there is no immediate change in the outward sodium 
flux when axons are transferred from sea water to choline. Taking the resting sodium exchange 
constant as 0:21 hr.-! (Keynes, 1951), only 4% of the intracellular sodium would have been lost 
in 10 min. For most of the analyses the loss was less than this, since the washing period was usually 
nearer 5 min. than 10. Experiments with K* have shown that there is no rapid change in the 
potassium content of axons on transfer from sea water to choline. Calculation shows that the loss 
of sodium and potassium by longitudinal diffusion from the cut ends was negligible. There is thus 
no reason to suppose that any appreciable errors were introduced into the results by washing the 
axons in choline solution. 

The five main causes of variation in the results were: analytical errors, weighing errors, variation 
in the thickness of the extracellular layer, variation in the condition of the axons, and variation 
from one animal to another. Analytical errors were probably the smallest source of uncertainty, 
since the 8.2, for the B- and y-count determinations was only of the order of + 2%. Weighing errors 
were somewhat larger, since some of the smaller axons weighed as little as 0-3 mg., and it was 
impossible to prevent them from drying slightly while they were being blotted and transferred to 
the weighing bottle. The s.z.’s of the weights were less than +7%, since the s.p. of the individual 
figures for the weight/volume ratio was +9:3% (52 axons), and the weights were almost certainly 
more accurate than the volume estimates. For each of the 14 axons whose potassium content was 
determined by the B-count method the s.p. of the sum of the sodium and potassium contents was 
+7%, the average value for [Na]+[K] being 311 m.mol./kg. axon. Including the chemical 
determinations of K** as well (26 axons in all) the s.p. of [Na]+[K] was + 10%, the average sum 
then being 293 m.mol./kg. Weighing errors and variation in the amount of extracellular material 
would have affected the separate values for [Na] and [K] in each axon to the same extent, so that 
the two effects combined must have given rise to a s.x. of less than + 10%. The 8.8.’s for individual 
determinations of [Na] and [K] were rather larger, being +33 and + 14% respectively. This would 
be consistent with a tendency for a low sodium content to be associated with high potassium and 
vice versa, the sum [Na]+[K] remaining relatively constant. Inspection of Figs. 7 and 8 shows 
that there was apparently a tendency of this sort, but taking the fourteen most reliable pairs of 
figures the partial correlation coefficient between sodium and potassium contents was found to be 
0-41, so that the effect was not quite statistically significant (P =0-1). The evidence suggests, how- 
ever, that there is not much variation in the total sodium plus potassium in individual axons, and 
it would be surprising if the net leakage rate were the same in all axons, hence the correlation 
seems more likely to be genuine than not. 


The sodium and potassium contents of stimulated Sepia axons 

Fig. 9 shows the results of analyses of the sodium and potassium in-sixteen 
Sepia axons which had been stimulated for some time before being stored. As 
before, the potassium figures obtained by the chemical separation method were 
corrected by +4-4%. In four cases no reliable figures were obtained for [K], 
owing to an accident during incineration. The only results rejected were those 
for one axon 20 mm. long, and for a few axons whose threshold rose appreciably 
during the period of stimulation. Most of the axons had conducted about 
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120,000 impulses, though one (marked with arrows) had conducted twice as 
many. - 

» Inevery case the stimulated axons contained more sodium and less potassium 
than resting axons at the same time from decapitation, as can be seen from the 
regression lines for resting sodium and potassium drawn on Fig. 9, and from 
the numerical values given in Table 4. The net losses and gains were worked 
~ out by subtracting the appropriate resting values, and were then expressed as 


300 


8 


Millimols per kg. axon 


8 


Hours 


Fig. 9. The sodium (@) and potassium (Q) contents of stimulated Sepia axons, expressed in 
m.mol,/kg. of whole axon. Abscissa: time in hours from decapitation of the animal. The solid 
lines show the mean resting sodium and potassium values (from Figs. 7 and 8), and the dotted 
lines + the s,m, of the mean. Most of the axons had conducted about 120,000 impulses. The 
values marked with arrows were for an axon which had been stimulated to exhaustion. For 
further-information see Table 4. 


the entry or exit per unit area of membrane per impulse. The over-all average 
gave a sodium entry of 3-8x 10- mol./cm.*/imp. and a potassium exit of 
3-6 x 10-2 mol./em.*/imp. It is possible that these figures are not quite repre- 
sentative, since the axons stimulated at frequencies above 100 imp./sec. gave, 
averaged separately, a rather lower figure. The difference was statistically 
significant (P=0-05) in the case of sodium, but not (P=0-2) in the case of 
potassium. It would be reasonable to find a difference in this direction, since 
at the higher rate of stimulation each action potential would fall in the re- 
_ fractory period of the preceding one (the phase of positive after-potential lasts 
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about 10 msec.—Weidmann, 1951) and its size would be reduced. Part of the 
difference could, however, have arisen because the axons stimulated at the 
higher frequencies also happened to be rather larger than the average, or because 
they were left for somewhat longer periods from decapitation—the size of the 
action potential may well have been reduced as the condition of the axons 
deteriorated. The only axon stimulated at 50 imp./sec. gave a lower sodium 
entry and potassium exit than average, but in view of the appreciable errors in 
the analyses no great significance can be attached to a single observation. 


There was, in fact, insufficient data to show conclusively whether the ionic | 


exchange varied much with frequency of stimulation or with the two other 
factors just mentioned. 


Tasiz 4. Analyses of stimulated Sepia axons 


Na content K content 
Axon from Stim. Resting entry Stim. Resting K exit Stimulation 
diam. decap. (m.mol./ (m.mol./ (m.mol./ (m.mol./ | 
(p-) (hr.) kg.) kg.) cm.*/imp.) kg.) kg.) om.*/imp.) (min.) [sec.) 
246 «863-4 125 » 45 5-1 *150 258 69 20 100 
211 70 114 77 2-0 *208 232 13 20 100 
191 4-2 4105 52 2-6 20 100 
172. 139 63 3-4 *137 244 4:8 20 100 
166 2-5 151 4-9 20 100 
17% 186 34 70 20 100 
165 55 173 63 4-7 — — — 20 100 
202 «26 141 38 5-4 136 263 6-7 20 
77: 3 163 40 5-7 130 261 6-1 20 100 
205 59 109 67 3-7 203 240 3-3 6 200. 
225. 60 120 68 41 220 240 16 10 150 
293 «4:7 77 56 2:6 234 . 260 1-9 0-5 300 
200 
319 «45 70 55 1-2 194 250 45 7 300 
301. 55 86 63 1-7 228 244 1-2 7 300 
266 #867 110 75 3-2 224 235 1-0 30 50 
174 50 7231 60 3-9 247 35 40 100 
A 
216 — 3840-4 — All results 
192 4-4+0-4 43409 Axons stim. at 
50 or 100 
./sec 
wee one 2:7+0-6 2-5+0-6 stim. at 
150-300 imp./ 


sec. 

The figures for resting axons were taken from the regression lines in Figs. 7 and 8. ‘The three K 
analyses marked with an asterisk were done by the chemical separation method, the remainder by 
the B-count method. The net gains and losses were obtained from the differences between the pairs 
of figures, multiplied by 1-25 to convert them to m.mol./l. sxoplasm (see text), and expressed in 
ppmoles (= 10-* moles) per cm.* membrane per impulse. The axon marked ¢ was stimulated to 
exhaustion. The 8.x. of the averages are shown. 


Taking the s.p. for each analysis of the potassium in a stimulated axon as _ 
+37 m.mol./kg. (from the results for resting axons), the s.z. of the mean of | 


twelve determinations of the net K loss during activity would beabout + 37/,/12, 


or +11 m.mol./kg. The twelve axons lost an average of 60 m.mol. K/kg., so 
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that on this basis the expected s. EB. would be + 18% of the mean. The s.z. given 
4n Table 4, which was worked out from the scatter of the results, was almost 
exactly the same, so that the individual variation in K exit could have been due 
wholly to sampling errors, rather than to real differences in K exit between the 
axons. The same is true for the sodium entry, where the expected value of the 
gE. was +7% of the mean net — as compared with an observed value of 
+10%. 

 Weidmann (1951) found a nearlf yqual net potassium leakage in Sepia axons, 


using the indirect method depending on changes in membrane resistance.of | 


axons stimulated in oil which was developed by Hodgkin & Huxley (1947). 
Tracer studies also gave a very similar result (Keynes, 19515). The method used 
here was as direct as it could have been, so that the figure of 3-6 x 10-” 
mol./cm.*/imp. is probably the most reliable of the three estimates. . 

The total number of impulses conducted by each axon was about half the 
number they were capable of conducting before becoming exhausted. Two 
axons which were stimulated to exhaustion each conducted about 240,000 
impulses at a rate of 100 imp./sec. before they finally became inexcitable. One 
of these was later analysed (see Table 4), and it was interesting to find that it 
did not fail until it had lost about two-thirds of the potassium it originally 
contained, and had gained an equivalent amowmt of sodium. This provides a 
striking example of the great margin of safety in the mechanism of nervous 
conduction. 

The sodium and potassium in squid axoplasm 

The values obtained for the concentrations of sodium and potassium in 
extruded squid axoplasm are given in Table 5. The average resting sodium 
content was 46 + 2 m.mol./kg. axoplasm, which is close to Steinbach & Spiegel- 
man’s (1943) figure of 44 m.mol./kg. The potassium content was 323+ 10 
m.mol./kg., which is rather lower than their estimate of 369 m.mol./kg. The 
results were more consistent than those for Sepia axons, probably because 
weighing errors were smaller, and because there was no extracellular material 
with the axoplasm. No reliable indication of the net resting leakage rate was 
obtained, since the dissections were done fairly quickly, and there were no long 
intervals between the times when the samples were taken. Such changes as 
- there were between the two resting samples taken from each animal were all 
in the direction of a loss of potassium and gain of sodium, but they were small, 
and were not statistically significant. Steinbach & Spiegelman found a net 
exchange of the order of 20 m.mol./kg./hr., but their experiments were apparently 
done at room temperature, whereas the dissections considered here were done 
at about 10° C. } 

Stimulation again caused a considerable increase in sodium and decrease in 
potassium content. The average changes caused by 30 min. of stimulation at 
200 j — jsec. were +1083 m.mol. Na/kg. axoplasm and —88 m.mol. K/kg. 
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Taking the density of axoplasm as 1-04 g./cm.®°, these figures correspond to a 
sodium entry of 3-5 x 10-1 mol./cm.*/imp. and a potassium exit of 3-0 x 10-” 
mol./em.*/imp. It is possible that a rather higher result might have been ob- 
tained if the axons had been stimulated at a lower frequency. On the other 
hand the resting exchange was ignored in calculating the results, and this would 
have made them slightly too high. The standard deviation for each analysis 


was +7°% of the mean (from the resting figures), whence the s.p. of each 
_ figure for the Na entry was about +0-35 x 10-* mol./em.*/imp. The variation | 


Time from hate) Na entry K exit 
Axon diam. Na content content (ypmol./ (ypmol. / 
Axon no. (hr. (m.mol./kg.)' (m.mol./kg.) em*/ifinp. ) em.*/imp.) 
2098 480 40%: 224 4:2 
2148 . 27 173 224 41 3-2 
215R 494 0-8 44 340 | 
2168 oa 1-4 154 230 3-9 33 
217R 507 2-0 51 339 
2188 2-6 130 253 31 2-6 
Average 46 323 
Average stimulated 149 235 3°5 3-0 


The samples bracketed together were taken from the same axon, either resting (R) or after 
stimulation (8) for 30 min. at 200 imp./sec. Samples 211-14 came from one animal, and 215-18 
from another. The weight of the samples varied between 1-37 and 3-20 mg. Net losses and gains 


were calculated with reference to the overall average resting contents, and no account was taken — 


of the time from decapitation. Axoplasm density was taken as 1-04 g./cm.*. 


between the individual axons was therefore genuine (P< 0-001). For the K exit 
the s.D. was larger, + 0-55 x 10-2 mol./cm.*/imp., since the change in potassium 
content was smaller in proportion to the initial content, and there was no signifi- 
cant variation between the axons (P=0-75). Although in four cases out of five 
the sodium entry was appreciably larger than the potassium exit, the difference 
between the means was not statistically significant (P =0-2), and the fact that 
it was exactly equal to the chloride entry (see below) was purely fortuitous. 
Rothenberg (1950) found that squid axons gained 4-5 x 10-12 mol./em.*/imp. 
of Na™ on stimulation for 30 min. at 100 imp./sec. Grundfest & Nachmansohn 
(1950, and personal communication from Dr Grundfest) found a total gain of 
Na™ amounting to 50 m.mol./kg. after 15 min. of stimulation at 100 imp./sec., 
and 64 m.mol./kg. after stimulation for twice as long. Taking the axon diameter 
as 500. these figures correspond to Na™ entries of 6-9 and 4-4 x 10-2 mol./ 


cm.?/imp. respectively. Both these results are quite consistent with the net 


sodium entry of 3-5 x 10” mol./cm.?/imp. found here, if in squid axons, as in 
Sepia (Keynes, 19516), there is a large turn-over of sodium during activity in 
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addition to a net gain, since the total gain of Na™ wo uld then be larger than 
| the true net entry of sodium, and would approach it more closely when the 
_ total number of impulses conducted was increased. | | 


Phosphorus determinations 


Although the phosphorus content of the nerves was not of primary interest in the present 
connexion, it was worth examining the results to see whether they were self-consistent and whether 
they agreed with the analyses made by other workers using conventional methods. 

The P* in the samples originated mostly from P*", the normal stable isotope, by an n, y reaction, 
but there were also small amounts formed in the reactions S*(n, p)P** and Cl*(n,«)P*. The relative 
yields from the three reactions, in millicuries per mole of parent element, are 162:4:0-5. Taking 
the concentrations of sulphur and chloride in Sepia axons as 70 and 130 m.mol./kg. respectively 
(see below), the last two nuclear reactions would have given an amount of P* equivalent to that 
formed from about 2 m.mol./kg. of phosphorus. After allowing for this the phosphorus content of 
resting Sepia axons was 27-9 + 0-7 m.mol./kg. (13 samples), while in axons which had been stimulated 
it was 26-2+2-5 m.mol./kg. (6 samples). There was thus no significant difference between the 
resting and stimulated axons, and the average phosphorus content corrected for the two subsidiary _ 
sources of was about 27 m.mol./kg. 
| The corrected phosphorus content was 25-3+40-6 m.mol./kg. in four samples of resting squid 
_ axoplasm, while in the stimulated samples it was 28-8+ 1-0 m.mol./kg. (see Table 6). Taking each 
| stimulated sample with its resting control there was apparently a significant increase (P =0-03) 

; iia the stimulated samples, amounting to 3-5+1-0 m.mol./kg., or 14% of the resting value. The 
corrected average phosphorus content was again 27 m.mol./kg., which is not far from the figure of 
30-5 m.mol./kg. for squid axoplasm reported by Bear & Schmitt (1939). It is impossible to tell — 
without doing further experiments what importance should be attached to the apparent increase 
during activity. It might conceivably have been caused by a shrinkage of the nerve during stimula- 
tion, though it seems more likely from the work of Hill (1950) that there would have been a very ] 
| small swelling. The total amount of phosphorus in the sea water in which the nerves were stimulated 
| was less than 2 x 10-* moles, so that they could not possibly have derived more than 0-1% of the : 
| observed increase from this source. Alternatively there may perhaps be some variation in phos- 
phorus content along the length of the axon: the resting controls were always taken from its ~ . 
distal end. 

In six samples of Carcinus nerve the P** was equivalent to 51-710-9 m.mol./kg. of phosphorus. 
The corrected phosphorus content was therefore about 50 m.mol./kg. Schmitt, Bear & Silber 
(1939) found 42 m.mol./kg. in lobster nerves. | 


= 


=. 


Since the only long-lived component present in any large quantity in the 
irradiated samples was S*, and since this was formed mostly from an n,p 
| reaction with Cl*5, determination of the S* in the samples gave a measure of 
| | ' their chloride content. The results were less reliable than the sodium and 
potassium analyses, partly because of counting errors due to the softness of 
} the 8 B-radiation, and partly because of the difficulty of making accurate 
allowance for the small amount of long-lived f-radiation arising from parent — 
| elements other than chlorine, although this only introduced second-order 
| errors when the difference in [Cl] between two groups of axons was considered. 
| Estimation of chloride by activation analysis is therefore not to be preferred to 
existing techniques (Glick, 1949), but it was of considerable interest to deter- 
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mine the change in chloride content of the axoplasm during stimulation, in the 
samples for which sodium and potassium figures were already available. The 
method described here was the simplest and most convenient way of making 
these chloride analyses. 

In addition to the S8* evel from Cl*, some originated in the reaction 
8*(n,y)S*®. Owing to the low abundance of 8*%—4-2% of natural sulphur— 
100 m.mol./kg. of sulphur in the samples would have given a quantity of S® 
corresponding to only 8 m.mol./kg. of chloride. No figures for the total sulphur 
content of invertebrate nerves could be found in the literature, but it was 
estimated from the amount of the amino-sulphonic acid taurine in crab and 
Sepia nerves (Lewis, 19516) that it was probably of the order of 70 m.mol./kg. 
The correction to be subtracted for 8* was therefore 5-6 m.mol./kg. Taking 
the total nitrogen content of squid axons as 8 g./kg. (Bear & Schmitt, 1939), 
the correction to be made for C“ formed in the reaction N1(n,p)C™ was 
calculated as 1-0 m.mol./kg. Taking the calcium content as 7-5 m.mol./kg. 
as in crustacean nerve (Tipton, 1934), the correction for Ca“(n, y)Ca® was 
0-6 m.mol./kg. Using the figures given by Webb (1937) for the amounts of trace 
elements in marine animals, radiation from Co, Fe®®, Cs and other isotopes 
formed in even smaller quantities would have been unlikely to have caused an 
error of more than 1 m.mol./kg. in all. The total correction for isotopes other 
than S* was therefore estimated as 2-6 m.mol./kg. No attempt was made to 
verify thesecalculations by estimating the various long-lived isotopes separately, 
as this would have been a most difficult task. But two determinations of the 
half-life of the long-lived component—which was 83 +2 days for the squid 
axoplasm sample of Fig. 3, and 89-9+ 1-3 days for a sample of Carcinus nerve 
whose decay was followed for almost a year—gave results close enough to the 
correct one for S* (87-1 days) to confirm that little else was present. 

The final figure to be subtracted from the apparent chloride content of the 
samples was thus 5-6+ 2-6, which was taken as 8 m.mol./kg. Eight unstimu- 
lated Sepia axons then had a mean corrected chloride of 129+4 m.mol./kg. 


Three stimulated Sepia axons, each of which had conducted about 110,000. 


impulses, contained 130+6 m.mol./kg. of chloride. Although these figures 
show that stimulation caused no significant change in the chloride, it must be 
remembered that in a whole Sepia axon about 100 m.mol./kg. of the chloride 
is extracellular, so that only rather large changes in the intracellular chloride 
could have been measured reliably. 

As Table 6 shows, four resting samples of squid axoplasm had an average 
chloride content of 72 + 6 m.mol./kg., after making a correction of 8 m. mol. /kg. 
as before. This was entirely intracellular, and agrees well with the figure of 
75 m.mol./kg. obtained by Steinbach (1941) for axons soaked in sea water for 
an hour or more. Four stimulated samples had an average chloride of 89 +5 
m.mol./kg. Taking each stimulated sample with its unstimulated control the 
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average gain in chloride was 17+4-6 m.mol./kg. This increase was statistically 
significant, a t-test giving P=0-04. As the stimulated axons had conducted 
360,000 impulses, and as the mean axon diameter was 475 y., the corresponding — 


figure for the net chloride entry was 0-55 x mol./cm.*/imp. The finding 


of a difference in phosphorus content between stimulated and control samples 


suggested that there might have been a longitudinal variation in the properties 
of the sa shite which — also have accounted for some of the difference in 


and chloride contents of squid Pe 
 Cloontent Pocontent  Clcontent 
 (m.mol./kg. (m.mol./kg. 
 axoplasm Sample no. axoplasm 
81 2128 28-9 
70 2148 83 
57 2168 27-9 «82 
| 80 2188 27-0 86 
Mean 25:3 +0-6 72+6- 28-8+1-0 8945 


Phosphorus was estimated from total P*, and a correction of 2 m.mol./kg. has been subtracted 
(see text). Chloride was estimated from total S*, and a correction of 8 m.mol./kg. has been sub- 
tracted. For grouping of samples see Table 5; all the resting samples were taken from the distal 
end of the axon. The s.z.’s of the means are given. The nerves were stimulated for 30 min. at 
200 imp./sec. 


chloride content. However, Steinbach (1941) found no consistent difference in 
the chloride content of squid axoplasm extruded from the proximal and distal 
parts of the axon. Moreover, it can be seen from Table 6 that there was no 
good evidence of any parallel variation in [P] and [Cl], though too few figures 
were available for any rigorous test of the correlation to be made. The increase 
in chloride content, +24% of the resting value, was nearly double that in 
phosphorus, and it seems probable that at least part of it was a real effect of 
DISCUSSION 

Enough has been said about the method of analysis to make clear its Pe 
and disadvantages. Its two chief merits are its extremely high sensitivity and 
the simplicity of the operations which have to be performed in applying it— 
though it may be questioned whether the method as a whole, necessitating as it 
does a neutron pile for irradiating the samples, can justifiably be termed simple. 
The smallest quantities of sodium on which it has been used were of the order 
of 0-34g., but this is not the limit of sensitivity. By increasing the counting 
times, and by using a scintillation counter to obtain higher y-counting rates, 
the same accuracy could be achieved for quantities 10 times smaller without too 
much trouble. It cannot, however, be emphasized too strongly that in using 
the method on tissues other than those considered here great care should be 
taken to see that there are no interfering trace elements present in sufficient 
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amounts to cause large errors. If serious interference were encountered, or if — 


the ratio of sodium to potassium were much greater than it is in nerve and 
muscle, it might be necessary to add inactive carriers to the irradiated samples 
and then to separate either the Na” or K* by chemical means before attempting 
to count them. | 

The results show that in resting Sepia axons the net rates of potassium loss 
and of sodium gain did not differ significantly, and that their average value was 
about 10 m.mol./kg. axoplasm/hr. This agrees with the finding of Stembach & 
Spiegelman (1943) that in squid axons the sum of the sodium and potassium 
contents was roughly constant, the net leakage rate being rather higher than 
in Sepia—about 20 m.mol./kg./hr—probably because, as has already been 
mentioned, their axons were dissected at room temperature instead of being 
cooled to 10°C. The tracer experiments described in the preceding paper 
(Keynes, 19515) also showed a sodium-potassium exchange in resting Sepia 
axons, and it was pointed out there that the running down of dissected axons 
was partly a consequence of the depolarization of the membrane caused by the 
flow of injury currents from the cut ends. Hodgkin & Katz (1949) have demon- 
strated that Steinbach & Spiegelman’s figures for the magnitudes of the ionic 
leakage currents in squid axons, whose actual membrane potential is again 
considerably lower than the theoretical potassium diffusion potential, are 
consistent with their electrical data. Another factor which would cause a 
potassium leakage from resting axons is that the potassium concentration in 
sea water—about 10 mm.—is somewhat lower than that in Sepia and squid 
blood plasma. Manery (1939) and Robertson (1949) found potassium con- 
centrations in squid and Sepia blood ranging from 15 to 22 mm. It therefore 
seems that experiments on cephalopod axons should ideally be done in a 

_Ringer’s solution containing more potassium than sea water. 

It has been assumed throughout this work that the net ionic leakage currents 
can be regarded as constant, and that there is no tendency for the axons to 
come into a state of equilibrium with their surroundings—in other words that 
it is justifiable to fit a straight line to the points plotted in Figs. 7 and 8 rather 
than an exponential. This assumption is in contradiction with the suggestion 
of Steinbach & Spiegelman that the sodium-potassium exchange in squid axons 
reaches completion after about 4 hr. On the data presented here it would not 
be possible to reach any definite conclusion one way or the other, since too 
few axons were analysed and the results had rather a large scatter, but this 
applies equally to Steinbach & Spiegelman’s analyses, none of their axons having 

_ been soaked in sea water for more than 4 hr. In experiments with Na™ on 
Sepia axons (Keynes, 1951), however, the resting net inward sodium current 
was found to increase rather than decrease with time, and according to the 
constant field equations derived by Hodgkin & Katz (1949) a steady state 
would not be reached until the ionic contents of the axoplasm were virtually 
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the same as those in the surrounding medium. The evidence therefore seems to 
favour the view that equilibrium is not reached, although the point cannot be 
considered as settled. Steinbach & Spiegelman may perhaps have been unduly 
influenced by the results obtained earlier by Steinbach (1941) on the chloride 
content of squid axoplasm, which did show a rapid initial increase immediately 
after dissection and thereafter only a ae slow increase. But, as Hodgkin & 
Katz have pointed out, this observation is quite consistent with the constant 
field equations if the internal chloride concentration is related closely to the 
membrane potential, and if the membrane potential is lower in vitro than in 
the living animal. , 

The importance of the measurements of the changes in sodium and potassium 
content caused by stimulation is that they provide for the first time direct proof 
that there is a net entry of sodium during nervous activity which roughly 
balances the loss of potassium. The experiments with Na“ and K* on Sepia 
axons (Keynes, 19516) could not prove this conclusively, even after figures for 
the resting internal ionic concentrations had been obtained by activation 
analysis, since there was always some uncertainty about the exact values of the 
outward sodium and potassium fluxes. Hodgkin (1949) has said that a crucial 
test of the sodium hypothesis of nervous conduction is to see whether the net 
entry of sodium in one impulse is large enough to charge the membrane capacity 
to the full extent of the action potential, as it must be if, as he supposes, the 
entry of sodium is the direct cause of the change in membrane potential. In 


squid axons the membrane capacity is 1-5yF./cm.?, and the average action 


potential is of the order of 90 mV. (Hodgkin & Katz, 1949), so that on the 
sodium hypothesis the minimum sodium entry is 


1-5 x 10-* x 90 x 10-*/96,500 mol./cm.?/imp., 


that is 1-4 10-# mol./cm.*/imp. This is less than half the — sodium 
entry, which is therefore quite large enough to perform the function assigned 
to it. In Sepia axons the membrane capacity is 1:2u.F./cm.? and the height of 
the action potential is 125 mV. (Weidmann, 1951), giving a minimum entry of 
1-55 x 10-8 mol./cm.*/imp., which is again under half the observed net entry. 
The minimum outward potassium movement required to bring the membrane 
potential back to its resting value is the same as the minimum sodium entry, 
so that both for squid and Sepia there is once more, as for Carcinus (Keynes, 
19514), a considerable margin between the theoretical minimum and the actual 
potassium leakage during activity. These determinations of the net ionic 
movements during nervous activity hence provide further direct support for the 
sodium hypothesis. 

Although the values for the chloride content of squid axoplasm were subject 
to some uncertainty, they show clearly that the net movement of chloride 
during activity was much smaller than that of sodium or eguaane a gain 
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of chloride was in fact no greater than might be expected if the internal chloride 
concentration were governed chiefly by the resting membrane potential. There 
was no direct evidence to show how the membrane potential was altered by a 
long period of stimulation, but the potassium concentration ratio between 
axoplasm and sea water fell to 0-73 of its resting value, corresponding to a drop 
of 7:8 mV. in the theoretical potassium diffusion potential, while the gain of 
24°% in chloride corresponds to a potential change of 5-5 mV. The chloride entry 
was therefore of the right order to have followed passively from the change in 
internal potassium concentration. It would be necessary to do experiments 
with radioactive chlorine to find whether there was a change in the chloride 
permeability of the membrane during activity, but the small size of the chloride 
entry supports the idea that Cl- ions play no active part in the transmission of 
nervous impulses. The figures obtained for squid axoplasm also show a close 
over-all balance between the movements of cations and anions. The exactness 
of the agreement must be largely accidental, in view of the appreciable s.z. of 
the figures, but it provides some evidence that no ions other than sodium, 
potassium, and chloride are involved in nervous activity. eat 
Hill (1950) has suggested from a study of the swelling of Sepia axons during 
stimulation that about half the sodium which enters the axon is accompanied 
by chloride. An entry of chloride as large as this would almost certainly have 
been detected in the chloride analyses of stimulated Sepia axons, since it would 
_ have increased the total chloride in a whole axon by about one-third. It is 
conceivable that there might be a chloride entry of this magnitude if there were 
also a mechanism for extruding Cl- ions very rapidly after activity, since the 
chloride entry in the 2-min. periods of stimulation used by Hill might then be 
appreciably greater than in the longer periods used in these experiments. It 
would be necessary to use tracers to test this possibility. It is difficult, however, 
to envisage any mechanism which would be capable of extruding chloride at 
the necessary rate, and it seems rather unlikely that there is any large turn-over 
of chloride during activity. The chloride entry into stimulated squid axons was 
only about one-third of that required to account for the degree of swelling 
observed by Hill, and it therefore appears that in his experiments some other 
process tending to move water into the axoplasm may have been operative in 
addition to the entry of osmotically active ions. 


SUMMARY | 
1. The application of the technique of activation analysis to make 
simultaneous determinations of the sodium and potassium contents of single 
cephalopod axons is described. Nerves were irradiated for a week in a neutron 
pile and the amounts of Na™ and K* which had been formed were found by 
taking - and y-counts of the irradiated samples with appropriate filters. Some 
of the earlier K® estimates were done by adding inactive K,CO, as a carrier 
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and separating the potassium by a chemical method; this gave slightly low 
 -yesults, and was less reliable than the radiation discrimination method. 

- Quantities down to 0-3yug. of Na and 3yg. of K were determined without 
difficulty, the s.n. of the analytical procedure being about +2°%/. The presence 
of Br® in the irradiated samples may have increased the apparent Na content 
by 1%, but there was no appreciable interference from any other trace elements. 
- 2. Resting Sepia axons, kept at about 10° C., gained sodium at a rate of 
88 m.mol./kg. axon/hr., and lost potassium at roughly the same rate. The 
sodium content 2 hr. after decapitation of the animal was 32 m.mol./kg. axon, 


and the potassium content was 268 m.mol./kg. The axons were washed in an 


isotonic choline solution before analysis in order to remove extracellular 
sodium, and it was estimated that the results in m.mols./kg. whole axon should 
be multiplied by 1-25 to express them in m.mol./]. axoplasm. 

3. Comparison of the ionic contents of resting and stimulated Sepia axons 
showed that during activity there was a net entry of 3-8x10-™ mol. 
Na/cm.*/imp., and a net loss of 3-6 x 10- mol. K/cm.?/imp. 

4, Analyses of samples of extruded squid axoplasm gave average resting 
contents of 46 m.mol. Na/kg. axoplasm and 323 m.mol. K/kg. During stimula- 
tion at 200 imp./sec. there was a net entry of 3-5 x 10-12 mol. en and 
a net loss of 3-0 x 10- mol. K/cm.*/imp. 

5. From the amounts of P® and S®* in the irradiated samples rough estimates 
could be made of their total phosphorus and chloride contents. In Sepia axons 
_ stimulation had no significant effect on either P or Cl, but in the stimulated 


samples of squid axoplasm both were slightly increased, the net chloride _— 


amounting to 0-6 x 10- mol. 2/imp. 
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Note added in proof. The density of isolated Sepia axons has recently been 
determined by observing whether they sink or float in mixtures of artificial 


sea water (density 1-025 g./cm.*) and a solution in which the sodium chloride — 
was replaced by dextrose (density 1-056 g./cm.’). Eight axons which were — 


tested all had densities well within the range 1-050-1-056 g./cm.*, and their 
average density was estimated as 1-053 g./cm.. The figure of 1-04 g./cm* 
assumed in this paper is thus not far enough wrong to introduce serious 
errors in the results. 
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THE SILENT PERIOD IN A MUSCLE OF 
THE HUMAN HAND 
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If electrodes are arranged so that action potentials may be led off a skeletal 
muscle in situ, the asynchronous muscle activity associated with tonus appears 
as irregularities in the base line of the record. When a tendon reflex is elicited 
from this muscle, the record exhibits a large synchronized response of many 
motor units followed by a base line which for the next tenth of a second or so is 
devoid of the previous tonus irregularities. This ‘silent period’ forms the subject 
of the present investigation. The phenomenon has been explained in two 
distinct ways. Hoffmann (1934), who discovered it, attributed it to a refractory 
state of the motoneurones in the spinal cord. His views are conveniently given 
in a modified form (Hoff, Hoff, Bucy & Pi-Sufier, 1934), Suppose that there 
is normally an interval of about 0-1 second between the successive discharges 
of each motoneurone. This gap is not apparent in records from the whole 
muscle on account of the asynchrony among the units, When, however, many 
motoneurones are discharged at once, either reflexly through a tendon jerk, or 
antidromically by electrical excitation of the motor nerve fibres, the long 
refractoriness is manifest, and a silent period is seen. The silent period merely 
represents a coincidence of normal refractoriness in many units, The other 
theory rests on Denny-Brown’s (1928) observation that, contrary to Hoffmann’s 


ideas, the silent period following stimulation of the ventral roots is greatly * 


curtailed by deafferenting the muscle. Only the remnant can be due to 
refractoriness of the motoneurones; the greater part of the silent period must 
be caused reflexly by changes in the afferent discharge from the muscle during 
the jerk. Strong support for this view came from Matthews’s (1933) work with 
single sensory endings in muscle; which confirmed an earlier conjecture by 


Fulton & Pi-Sufier (1928). Matthews found that during a mechanical twitch ~ 


there is a pause in the regular discharge of impulses from the muscle spindles 
which is strikingly similar to the silent period. As there is good reason to believe 
that the impulses from the spindles are responsible for activating the stretch 
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reflex, their temporary cessation offers a very satisfactory explanation of the 
silent period. 

The muscle spindles stop discharging impulses during active contraction 
because they are attached in parallel with the muscle fibres. Contraction of 
the muscle therefore relieves the tension on the spindles. The spindles in fact 
record the length of the muscle and not the tension in it. The tension may be 
large if the muscle is contracting strongly, but if it is not forcibly extended the 


spindles will be inactive. Fulton and Matthews both pointed out that this 


arrangement is what is needed to account for the properties of the stretch reflex, 
as seen, for example, in the decerebrate cat, Consider a muscle maintaining 
@ postural contraction against a steady force. The rate of discharge of the 
muscle spindles will be just sufficient to evoke a reflex contraction equal in 
tension to the applied force. Any increase in the applied force or the onset of 
muscular fatigue will cause slight elongation with consequent stretching of the 
muscle spindles. The resulting acceleration of the afferent discharge will call 
forth a stronger reflex contraction tending to relieve the extension of the spindles. 
Similarly if too many motor impulses are discharged or if the applied force 
_ diminishes, the spindles will slow their discharge until the muscle relaxes. The 
silent period is an extreme example of the second case; unwanted shortening is 
counteracted, as far as possible, by complete cessation of motor discharge 


_ during the aberrant twitch. (In most experiments it has been usual to record ‘ 


tension and not shortening. There is no inconsistency in this for, as Matthews 
(1931) has pointed out, even under so-called ‘isometric conditions’ the muscle 
shortens during a twitch because of the elasticity of its tendinous attachments. 
The previous reasoning is unaltered if the muscle is considered as contracting 
against a spring and not against a steady force.) : ‘ 


With the arrangement just outlined the length of the muscle will tend to be - 


held most constant if, as in fact Matthews has shown, the end organs are 
‘resistant to fatigue, and if a small change in the tension applied to them 
produces a large reflex contraction, as is clearly the case in the decerebrate cat. 
In more general terms the stretch reflex is a servo-mechanism for maintaining 
constant length: it consists of a stable feedback element (the muscle spindle), 
a control unit (the reflex arc), and a motor element (the muscle). As usual 
_ with such systems it will be little affected by changes in load, changes in motor 
performance (fatigue), or changes in the gain round the loop (reflex briskness). 

The same servo-mechanism appears to be used in the regulation of voluntary 
effort. Hoffmann found that the silent period could be obtained in man against 
a background either of postural or voluntary contraction. In the present paper 
this observation has been repeated and in addition the mechanical tension was 
recorded. If, in the course of a steady voluntary effort, the motor nerve of the 
active muscle is excited electrically, a twitch is superimposed on the steady 
tension record and during the time the tension is raised there is a silent period 
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in the muscle action potentials (Fig.'2). Here, it seems, is the servo-mechanism 
behaving as expected, cutting off motor power while the tension is excessive. 
The regularity in the timing of the end of the silent period and its obviously 
significant relationship to the mechanical twitch are wholly in accordance with 
this view. 

So far we have taken no account of the delays occasioned by conduction 
time from muscle spindle to cord and from cord to muscle. Though the nerve 


- fibres involved are among the fastest in the body the double journey must - 


occupy some 30 msec. in the case of the muscles in the human hand. This long 
tithe lag interposed between the reactions of the muscle spindle and the muscle 
means that impulses must leave the spindles soon after the peak of the 
mechanical twitch if they are to give rise to the muscle action potentials which 
mark the end of the silent period—in other words a servo loop which contains 
a time lag requires “phase advance’ or ‘derivative’ feedback if it is not to 


overshoot and oscillate when disturbed. Matthews’s (1933) records from single - 


end-organs show that the pause in discharge of the spindle is, in fact, often 
much briefer than the twitch causing it. It now appears that the instant at 


which discharge recommences is critical. This instant will supposedly be — 


different in different muscles, depending on their distance from the spinal cord, 
and it must be very closely regulated in any one muscle if the duration of the 
silent period is to be as precisely defined as it is in the ten superimposed records 
in Fig. 2. The problem of how these adjustments of the spindle’s ‘ phase advance’ 
characteristics are brought about will be returned to in the Discussion. 

The foregoing arguments ignore certain difficulties which have been raised 
by some of the previous animal experiments. Hoff e al. (1934) obtained 
evidence which seemed to show that the duration of the silent period was 
unaffected by-deafferenting the muscle, in direct contradiction of Denny- 
Brown. Again the convincing agreement between the durations of twitch and 
silent period seen in Fig. 2 was not apparent in the experiments on decerebrate 
cats. Fulton & Pi-Suiier (1928) found the silent period to end shortly after the 
peak of the twitch, the renewed activity causing a ‘hump’ on the downstroke. 
Denny-Brown (1928) thought there was no constant relationship; he obtained 
- some records like Fulton’s but sometimes the silent period did not end till after 
the twitch, so that the downstroke overshot. In view of these inconsistencies 
it was thought necessary in the new human experiments to obtain as much 
evidence as was possible concerning the dependence of the silent period on the 
mechanical changes in the muscle during the twitch. For this purpose the 
muscle should be isolated, as it is in animal experiments, so that its records, 
both electrical and mechanical, are uncomplicated by irrelevant activity in 
other muscles. The adductor pollicis seems to approach this ideal more nearly 
than any other muscle in the intact subject and all the experiments discussed 
in this paper were done with it. If certain precautions are observed, it is the 
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only muscle taking part in a voluntary effort of adduction of the thumb, and 
it is the only muscle acting on the thumb which is supplied by the ulnar nerve, 
so that in experiments which only involve voluntary adduction and artificial 
excitation of the adductor by means of shocks applied to the ulnar nerve 
interference can be excluded. 

A preliminary account of this work has already appeared (Merton, 1950). 


METHODS 
The subject's hand and wrist were held in plaster splint fixed to a steel pillar. The thumb projected 
and was coupled by a loop round the proximal phalanx to a strain gauge tension measuring device 
mounted above on the pillar (Fig. 1). The line of pull was in the plane of the palm; thenar muscles 


Stimulating 
electrodes 


Fig. 1. Experimental arrangement for recording from the adductor pollicis inuscle. 


| 
ye 
Needle electrode 


other than the adductor pollicis have only a small component of tension in this direction, and in _ 


any case were found to be relaxed, oF contracting but feebly. Undesirable contraction of the long 
flexor of the thumb was avoided by keeping the terminal phalanx, into which it is inserted, flaccid. 
In exploratory experiments action potentials were led off, for convenience, by surface M&ctrodes, 
but the adductor lies deep and there is the risk that small inadvertent contractions of the more 
_ superficial median-supplied muscles, although not contributing significantly to the mechanical 
tension, might seriously complicate the electrical picture. So the final records were always taken 
with a coaxial needle electrode inserted into the adductor radial to the flexor tendons of the index 
finger. The results were the same, however, with either type of electrode. A conventional condenser- 
coupled amplifier displayed the action potentials on a cathode ray tube. The attenuator on this 
amplifier had a step ratio of 2-5 x, and in experiments where the controlled tension and the 
amplifier gain were varied inversely this ratio was used for convenience. 

The strain gauge tension recorder was of the pattern devised by Wilkie (1949) except that the 
output from the bridge was in this case amplified and fed to a second cathode ray tube. The d.c. 
amplifier employed mechanical input modulation and output demodulation at 50 cycles, a system 
which eliminates drift. The bridge could be put out of balance by a variable resistance calibrated 
in kilograms. The trace was thereby moved downwards and required a steady pull by the subject 
to return it to the centre of the tube. Between sweeps the bridge was held in balance with a 
separate null indicator. In this way small twitches superimposed on large steady tensions could 
be displayed in the centre of the tube at a convenient amplification. 

For stimulation electrodes were strapped over the ulnar nerve at the wrist and elbow, with 
a large indifferent electrode on the upper arm. The two thyratron stimulating circuits delivered 
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brief shocks. Time markers were derived from a orystal oscillator and counting circuits. The 
recording cycle was controlled by a master oscillator which discharged about once in 6 sec. in 
synchrony with a 100 msec, marker. The master oscillator triggered two delay units; one had 
a constant duration of 100 mseo. and the other was continuously variable. Usually the stimulator 
was triggered at the end of the fixed delay and the time base (common to both cathode ray tubes) 
started somewhat earlier by the adjustable unit. In some experiments sets of traces were separated 
on the tube faces by a magnetio shift. The current to the deflector coils passed through one set of 
contacts on & ganged switch, other sections of which were used to switch the output of the 
stimulators and to select alternative trigger pulses for the timebase. 


RESULTS 
: The general features of the silent period | 
Fig. 2 shows the silent period in the adductor muscle of the thumb following 


a maximal motor shock to the ulnar nerve at the wrist. In this experiment the 
strain-gauge bridge was adjusted so that the mechanical trace was in the centre 


mV. 


Fig. 2. A, silent period in the adductor pollicis muscle. Here, and in all subsequent illustrations, 
top half is tension record, bottom half action potential record; each record shows ten super- 
imposed traces. In this figure only, a single displaced action potential trace was photographed 
separately to show its similar character. Controlled tension 1 kg. Time markers 10 and 
100 msec, B, the same in another subject. 


of its cathode ray tube when the tension was 1 kg. The subject made a voluntary 
contraction and maintained it steadily at that level with the aid of the null 
indicator. Before the shock the two traces record the steady tension (in future 
referred to as the ‘controlled tension’), and the irregular action potentials 
accompanying it (the ‘voluntary potentials’). A maximal shock is delivered 
at the time of the first 100 msec. marker after the beginning of the sweep. 
(Unless otherwise stated all shocks are maximal for the motor fibres, in the 
sense that increase in shock voltage caused no increase in the electrical or 
mechanical response of the muscle.) After a brief interval for conduction the 
motor volley gives rise to a large muscle action potential (the ‘direct volley 
potential’), which, at the gain used, rapidly swings the spot off the tube and 
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fails to record. When the trace again becomes visible the previous voluntary 
potentials are absent and remain so during the ‘silent period’ which lasts about 
80 msec. At the beginning of the silent period, about 30 msec. after the shock, 
is a small discrete action potential (the ‘F wave’ of Magladery & McDougal, 
1950) which is a central discharge of brief latency caused by the centripetal 
volley that the shock unavoidably sets up. It is not voluntary activity for it 
is present when the completely relaxed muscle is excited. In the mechanical 
trace the shock is followed after a latency of 15 msec. by a twitch of the muscle, 
with a duration of some 100 msec. The silent period thus corresponds closely to 
the period where the muscle tension is greater than that voluntarily maintained. 


It has been checked electrically that at the greatest gain employed the amplifier is not blocked 
during the silent period. In addition if an experiment is performed at reduced gain it is found that 
@ maximal shock put into the nerve above the previous site at any time during the silent period 
causes a normal direct volley potential; hence the silent period cannot be due to neuro-muscular 
or nerve conduction block or to mechanical derangement of the recording electrodes. The silent 
period in the adductor is not acoompanied by a ‘noisy period’ in the extensors of the thumb or in 
any other thenar muscles. | 


Similar records have been obtained from the adductor pollicis in four other 
subjects (e.g. Fig. 2B), and in one subject from several muscles, some ‘postural’ 
and some ‘voluntary’ in type, in which it was feasible to record both electrical 
and mechanical responses (these experiments will not be reported in detail here). 
In no instance was it necessary for the motor nerve shock to be maximal; in 
fact it appears there is some diminution in the voluntary potentials so long as 
the shock is above the threshold of the motor fibres and causes a twitch. With 
a maximal shock the silent period is not abolished by great increase in the 
controlled tension, provided the mechanical twitch is not occluded. The 
conclusion seems justified that the silent period is a normal accompaniment of 


a superimposed twitch in all steadily contracting muscles. With an unsteady — 


effort, however, the picture is quite different. A sudden violent movement can 


break into the silent period at any time, while at the other extreme wobbles due | 


to imperfect control of tension are associated with minor interruptions and 
inconstancy of the duration of silence, the mechanical records showing corre- 
sponding bumps and overshoots on the falling phase of the twitch, The same 
is also seen if no indicator of tension is provided for the subject or if he is not 
instructed to make a steady effort. This may perhaps explain Denny-Brown’s 
recent statement, at first sight so completely at variance with this paper, that 
‘when the background is mild voluntary contraction, the silent period of the 
tendon jerk is extremely brief, or altogether absent’ (Denny-Brown, 1949). 
No attempt is made here to investigate the nature of complications introduced 
by rapid movement; all controlled tensions were kept as steady as possible. 
In taking the records shown in Fig. 2 the camera shutter was allowed to 
remain open for ten successive sweeps so that each trace is the superposition of 
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ten; the silent periods all end within a few milliseconds of each other, nor do 
the mechanical curves diverge. With responses of this precision it is possible to 
do analytical experiments that depend for their success on the recognition of 
relatively small differences in the duration of the silent period. In animal 
experiments the degree of regularity in successive responses has not approached 
that which can be achieved with a human subject, an advantage of the latter 
which for present purposes far outweighs any difficulties and inadequacies in 
recording technique. 

The great majority of experiments have been done on the author for con- 
venience, There is no reason to think that his responses are in any way artificial 
or abnormal; compare Fig. 2A and B. The control of the silent period appears 
to be involuntary. Between the shock and the end of the silent period there is 
scarcely time for a reflex involving the cortex, and it will be shown later that 
with shocks less than maximal even earlier alterations in motor discharge are 
brought to light. Accurate anticipation of the shock which would invalidate 
this argument can be excluded, for although the master oscillator was syn- 
chronized to a 100 msec. marker, circuit uncertainties caused the cycle to vary 
in length irregularly by 100 msec. jumps. Confirmatory results were obtained 
when the master oscillator was triggered irregularly by an operator pressing 


a key. It follows that voluntary interference during the silent period is not 


possible, and higher control is only effective by presetting the response of lower 
level mechanisms. The necessity of such adjustment has already been envisaged. 
In the final experiments the remote risk that the subject could unconsciously 
use the adjustment to give spurious responses is excluded. 


The relationship of the silent period to the muscle twitch 

The nerve stimulus which results in a silent period sets up as its immediate 
action two volleys of impulses one of which ascends to the spinal cord and the 
other descends to the muscle. The ascending volley might produce the silent 
period either by inhibitory impulses in afferent fibres, or by antidromic 
blocking. The descending volley, it is assumed, can only act by an effect on 
the sensory discharge from the muscle. There are two possibilities here: first, 
that the mechanical twitch of the muscle modifies the discharge from muscle 
spindles, and perhaps other endings, in the way discovered by Matthews; this 
implies that the duration of the silent period will depend on the duration of the 
twitch; secondly that the motor volley causes an inhibitory volley from certain 
nerve endings in the muscle, these endings in Denny-Brown’s original theory 
(later modified to accord with Matthews’s observations) being excitable by 
muscle action currents and not by mechanical deformation; in this case the 
duration of the silent period is determined by the rate of decay of central 
inhibition and is not related to the twitch. 


Various observations will now be described which strongly indicate that 
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(apart from a brief initial antidromic block) the silent period results from the 


descending motor volley and that its duration is related to the contraction time — 


of the muscle. 
_ Alterations in twitch size and controlled tension. The modifications in the silent 
period produced by changes in shock strength are illustrated in Fig. 3. There 


. Fig. 3. Effect of reducing shock strength, OF traces ecparated by magnetic trace shift. 
just subthreshold in the top pair. Controlled tension 1 kg. 


is no silent period when the shock is saat sub-threshold for motor fibres and no 
mechanical twitch results, but even a very small twitch is accompanied by 
_ recognizable diminution in the voluntary potentials. The threshold voltage for 
“eliciting a silent period is, thus, closely the same as that of the motor fibres. 
The manner in which silence develops with small shocks makes it very im- 
probable that the antidromic volley is the important one; for fading of the 
voluntary potentials, deepening to silence, occurs first in the interval 70-90 
msec. after the shopk. As the shock is progressively increased the silent period 
becomes more silent but alters little in duration. Such behaviour fits in well 
with the view that voluntary discharge is arrested by afferent messages from 
the muscle during the twitch, but if antidromic blocking were the significant 
factor it should be always most pronounced at the begirining and briefer with 
small shocks. 

- When instead the controlled tension is altered analogous changes are seen, 
except that as the shock is maximal throughout antidromic blocking always 
occurs. As the tension increases the superimposed twitch becomes progressively 
smaller (Fig. 4A). (If the subject makes a maximal effort the shock causes 
a normal direct volley potential but the contractile elements are already fully 
activated and there is no twitch at all. In practice a rather lower tension is 
used as @ maximal contraction fatigues too rapidly.) When the accompanying 
action potentials are recorded at a fixed gain they become inconveniently large 
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with high tensions, so in Fig. 4 B to facilitate comparison the gain has been altered 
in the inverse ratio to the controlled tension. (This procedure rather over- 
compensates for the discrepancy, showing that the relationship between tension 
and action potential height is only very roughly linear.) It is seen that, as in 
the case where the twitch height was reduced by turning down the shock, the 
silent period becomes less silent when the twitch is small, but changes little in 
duration. At the largest tension (6-3 kg.) the silent period appears, as before, 
in the 70-90 msec. Interval clearly separated from the antidromic blocking by 
a burst of voluntary activity. At lower tensions the two parts of the silent 
period run together.. If, at a tension where the silent period is incomplete, the 
shock is reduced, both parts become even less silent, as would be expected 
from the previous experiment; but should the shock be made supramaximal 
neither part is accentuated, again confirming that stimulation of motor fibres 
is the significant factor for the reflex silent period as it is, of course,,for 
antidromic blocking. 


A _ 


Fig. 4. Effect of increasing controlled tension. Bias on strain gauge bridge varied to give the 
tensions indicated at the null point of the separate indicator seen by the subject; records 
separated for photography by the magnetic shift as in Fig. 3. A, fixed gain in both amplifiers. 
Shocks all maximal. B, the same except that gain of action potential amplifier altered in 
inverse proportion to the tension. ©, twitch tension made a constant proportion of the 
controlled tension. Gain of strain gauge amplifier inversely proportional to tension and twitch 
brought to constant height on the screen by altering stimulus strength. Action potential 
amplifier gains as in B. The 1 kg. calibration applies to A and B, but only to the 2-5 kg. record 
in C. The I mv. calibration applies to A, and to the third records from the bottom (corre- 
sponding to 2-5 kg. tension) in B and C. 23 

(Fig. 4 C, B, A, and Fig. 3, in that order, are successive records from one experiment.) 


Definite slight shortening of the silent period occurs in experiments with increasing tension and 
sometimes more markedly than can be seen in Fig. 4A and B. Hoffmann (1934) thought it re- - 
presented the overcoming of central inhibition by greater voluntary effort. He did not record 
mechanical responses, but I have found that it is always associated with briefer twitch and is 
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therefore quite consistent with the present interpretation. The effect is often most marked at 
intermediate tensions, and when at higher tensions a burst of voluntary activity occurs between 
the antidromic blocking and the silent period the twitch, thereby, is again prolonged, and with it 
the silent period. 

The action potentials pictures in Fig. 4 have a strong resemblance to those of Bernhard & 
Therman (1947a,), Hoffmann, Schenck & Tinnies (1948), and Schenck & Koehler (1949). These 
authors examined cyclic facilitation and inhibition of motoneurones after sending various nerve 
volleys into the motor centre. The possibility should be considered that afferent phenomena 
of the type seen in the silent period played a larger part in their results than was at first 


Complementary to the two previous experiments is a third in which the 
controlled. tension and the shock size do not vary but the twitch declines 
through fatigue. The subject maintains a moderate tension for as long as 
possible. At the start the superimposed twitch is large but as the muscle 
fatigues it decreases and finally disappears at the time when the subject can 
only maintain the tension by a maximal effort. The action potential record, 


which is similar to Fig. 4B, again reveals the independence of the antidromic - 


block and the reflex silent period, the former remaining constant and the latter 
disappearing with the twitch. These changes were seen strikingly speeded up 
in a case of myasthenia gravis. 

So far we have only shown that a mechanical twitch is necessary for a silent 


period to occur and that the stronger the twitch the more marked the silence. | 


Is a smaller twitch required to produce the same degree of silence when the 
controlled tension is small? If the shock size is adjusted so that the mechanical 
_ twitch is approximately the same height at each tension instead of getting 
larger with diminishing tension as it did in Fig, 4A and B when the shocks were 
all maximal, it is found that the constant twitch has a bigger reflex effect at 
low tensions, When, however, the twitch is made a constant fraction of the 
controlled tension the same reflex effects are always produced. Conveniently 
to get twitches for this experiment which are all the same proportion of the 
controlled tension the gain of the strain-gauge amplifier is changed in the 
inverse ratio of the controlled tension and the twitches brought to the same 
size on the screen by adjusting the shock (Fig. 4C). The gain of the action 
potential amplifier is also altered (as before in Fig. 4B) to reduce all potentials 
to about the same mean level for comparison. The controlled tension and the 
gains of the amplifiers were varied by an over-all factor of more than fifteen. 
At the greatest tension where the shock is maximal there is the expected 


conspicuous antidromic block but during the silent periods the action potential — 


pictures are all very similar. Hence the system conforms to Weber’s Law over 
nearly the whole possible range of muscle tension. 

These experiments, then, have shown that antidromic blocking depends only 
on stimulation of motor fibres, whereas the silent period is related quantitatively 
tothe resultant mechanical twitch accordingto Weber’s Law. Van Leeuwen (1949) 
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found that the sensory endings in muscle obeyed a similar law of response, 
in agreement with this relationship. 

Movement of the site of stimulation. It was at first hoped to obtain independent 
evidence concerning the peripheral or central causation of the silent. period by 
the simple means of moving the stimulus from the wrist to the elbow; the 
muscle twitch then starts later and the centripetal volley arrives at the cord 
earlier. The silent period should therefore end later on the descending volley 


theory and earlier on the ascending volley theory. In practice to ensure 


absolutely comparable conditions the stimulus was alternated between wrist 


and elbow. The results were disconcerting in that they seemed to decide in 
favour of the ascending volley theory; with the stimulus at the elbow the silent 


period ended earlier. It was to resolve this difficulty that the present apparatus — 


was developed for accurate recording of mechanical responses. It was then 
seen that with the stimulus at the elbow the twitch was briefer and, even timed 
from the shock, had a peak little, if any, later than with the wrist stimulus, and 
a more rapid subsequent fall (Fig. 5A). The causes of these differences have 


A 


_ Effect on the timing of the silent period of moving the stimulus from wrist to elbow. 

_ Controlled tension 1 kg. A, single maximal shocks alternately at the elbow (top records) and 
wrist (bottom records). In both cases shocks delivered 4 msec. after the start of the sweep. 
B, with double stimulation to avoid changes in twitch shape (see text). Elbow shock delivered 
at the start of the sweep in each case. Shock at wrist 4 msec. after elbow shock in top records; 
4 msec. earlier in bottom records. 


been analysed (Merton, 1951), and shown to depend on changes in synchrony 
of the motor volley; the volley travelling from the elbow has a longer time for 
the slight differences in conduction velocity among the motor fibres to disperse 
the volley; for some unexplained reason the twitch initiated by a scattered 


_ Volley is briefer and smaller, With the stimulus at the elbow, however, the ulnar 


muscles of the forearm (notably the flexor carpi ulnaris) are excited and by 
jerking the hand slightly, tend to increase the size of the twitch—an effect 


which largely offsets the diminution due to ney and results in a'twitch 


PH, OXIV. . 13 


“i 
< 
x 
ifs 
4 
& 
tr 
Py pig 
‘ 
= 
i 
4 
- 
4 
> 
‘ 
x 
ig 
pty 


194 P, A, MERTON 

about the same size as with the stimulus at the wrist but briefer. Clearly, then, 
the experiment is indecisive; both the arrival of the centripetal volley at the 
cord and the falling phase of the mechanical twitch occur earlier when the 
stimulating electrode moves to the elbow; such a manoeuvre cannot distinguish 
their effects. 

This difficulty can be avoided with twitches whose time relations to the 
centripetal volley can be altered but whose shape remains constant. To do this 
shocks are applied both at the wrist and the elbow; for the moment we will 
‘suppose they are simultaneous. A highly synchronous volley from the wrist 
goes to the muscle; that which ascends (both sensory and motor) meets a volley 
from the elbow and they cancel each other out in the forearm. No impulses 
from the elbow reach the adductor pollicis and none from the wrist the spinal 
cord. The shock at the elbow sets up the centripetal volley and excites the 

flexor carpi ulnaris. Both factors producing a large mechanical response are 
_ present—contraction of flexor carpi ulnaris and the more highly synchronized 
motor volley—so that the response is bigger than with either stimulus. 
separately. The alterations in the time relations of twitch and centripetal 
volley are obtained by sending in the wrist shock, not simultaneously with that 
to the elbow, but at an interval either before or after it. The interval is such 
that in the one case impulses from the elbow have just failed to reach the wrist 
when the shock comes there, and in the other case vice versa. This is done by 
measuring the increased latency of the electrical response from the elbow as 
compared with the wrist and making the intervals slightly shorter, The cancelling 


out of impulses now occurs at the top or the bottom of the forearm instead of L 


in the middle. Mechanical responses are not significantly different. 

The experiment is performed as follows. A shock is applied to the elbow and 
the sweep started at the same time. A shock is also applied to the wrist 
alternately before and after that to the elbow, at the chosen interval. The 
centripetal volley reaches the spinal cord at a constant time after the beginning 
of each sweep. If it is responsible for the silent period the latter should end at 
a constant point on the trace. The muscle twitch starts alternately just before 
and just after the start of the sweep. The twitches are the same shape and if 
the silent period is caused by them it should end earlier with the earlier twitch. 
_ It does (Fig. 5B). As an added check records were taken in which the sweep 
was started by the wrist stimulus instead of the elbow. There was no shift in 
the silent period. The centripetal volley is, therefore, not even partially 
responsible for the silent period. 

A possible source of error in this experiment is that if the sensory fibres 
conduct much faster than the motor, double centripetal volleys may reach the 
spinal cord. Consider the former situation in which motor impulses from the 
elbow have nearly reached the wrist when the shock is applied there. If the 
sensory impulses are going faster and have passed the wrist, their fibres will be 
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telatively refractory, and may be stimulated again giving rise to a second 


centripetal volley. If this second volley caused a silent period it would shift 
the end of the silent period on the trace in the same direction as we have 
observed and attributed to alterations in the position of the twitch. Reduction 
of the shock interval to half should abolish this second volley unless the sensory 
fibres conduct more than twice as fast as the motor (which seems extremely 
improbable). It was found that the former shift in the silent period was still 
present, although of course smaller. 2 

This experiment proves that the descending volley causes the silent period 
but leaves the question of timing unsettled. As the twitches are all congruent 
it is impossible to say whether the duration of the silent period is controlled by 
the shape of the twitch or not. The time course of the twitch can be lengthened 
by cooling the muscle. When this is done the silent period too is longer, 
suggesting that its duration does depend on the twitch time, but such 
manoeuvres are necessarily slow and the chance cannot be excluded that the 
subject unconsciously perceives the slowing of the mechanical changes and 
alters the silent period to suit by a purely central mechanism. Better evidence 
is provided by the first experiment in this section; although useless to decide 
between the ascending and descending theories of causation, now that this 
question has been settled independently the previous results derive new 
significance. With stimulation at the elbow (as compared to the wrist) the 
descending volley arrived at the muscle later but it was found that the silent 
period nevertheless ended earlier (Fig. 5A). Central effects being now excluded, 
this shorter duration of the silent period can only be correlated with the earlier 
falling phase of the twitch which was observed with the stimulus at the elbow. 
It is not the time of arrival of the descending volley but the time course of the 
tension changes which determines the end of the silent period. The chance that 
the subject is ‘faking’ the responses has been excluded both here and in the 
previous experiment by obtaining similar records when the shocks were 
delivered to the wrist and elbow not alternately, but irregularly, so that ” 
subject could not know for which to prepare. 


DISCUSSION 

The sensory mechanism of the silent period. The foregoing observations have 
shown that the silent period reflects the time course and magnitude of 
mechanical change in the muscle during the twitch. In the present state of 
human experimental technique the intimate nature of the proprioceptive 
mechanism responsible can only be inferred from animal experinients. In the 
cat the similarity between the silent period and the pause in discharge of the 
muscle spindles is such that some causal connection, in Matthews’s words, 
‘seems inevitable’. The Oxford workers also felt the force of this comparison 


and Denny-Brown’ s original theory of an inhibitory volley was —" 
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by giving an important role to the muscle spindle’s pause (Creed, Denny- 
Brown, Eccles, Liddell & Sherrington, 1932). Both schools, however, thought 
it necessary in order to account for certain reflex effects in other muscles during 
the silent period to retain as an adjunct the notion of a direct inhibitory 
discharge from the muscle during the twitch (Matthews, 1933; Creed et al., 1932). 
The sensory receptors responsible were identified by Matthews with his B-type 
endings (Golgi tendon organs), the only endings to discharge during (maximal) 
twitch contractions of the muscle at all initial tensions. | 
The experiments described here. tend to discount the importance of in- 
hibitory volleys or bursts. The B-type endings were found by Matthews to have 
a relatively high threshold tension. Normal silent periods are, however, 
obtained with very small controlled tensions and very small superimposed 
twitches—conditions in which B endings would not be expected to discharge. 
The servo-mechanism theory of the silent period brings new types of argument 
to the question. The B endings are in series with the contractile fibres and 
record tension. They could not therefore be concerned in the servo control of 
length. Of course it might be that tension is really the variable with which the 
servo is concerned—or some function of both tension and length. Even in 
these cases, however, a second argument applies. Stabilization of the servo 


B endings to sudden stretch, however, is essentially linear (Matthews, 1933), 
hence it is not likely that they have control over the motoneurohes during the 
silent period. A-type endings would seem to be the important. ones. Whether 
discharges from B-type endings are nevertheless necessary for the appearance 
of the distant reflex phenomena is a matter for further experiment. 

The muscle servo-mechanism. The present observations, so far as they go, 
support Fulton’s and Matthews’s original interpretation of the silent period as 
evidence of a regulating mechanism, or in more fashionable language, a servo 
_ or feedback control system, for muscular contraction. In its general dependence 
on mechanical changes in the muscle and its particular relationship to the 


attributed function on the gross scale. That the same mechanism plays an 
essential part in the relatively minute moment to moment adjustments of 
a normal muscular effort can scarcely be doubted. Very small twitches give rise 
to recognizable silent periods (Fig. 3), twitches little bigger than the irregu- 
larities seen when the subject is attempting to maintain a steady tension, and 
it is difficult to believe that the temporarily excessive motor discharge which 
occasions them would not provoke a similar response in both circumstances. 
The final question is that already broached in the introduction: the end of 
the silent period represents the end of the pause in discharge of the muscle 
spindles, but to allow for conduction time the pause ends about 30 msec. before 
the silent period; further, the silent period and hence the pause is very precisely 


loop against oscillation entails the use of derivative feedback. The response of — 


ending of the twitch the silent period has been seen manifestly performing its — 
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timed—if it ended 10 msec. late there would be gross overshoot of the twitch. 
How is the pause so timed? Matthews’s records show the ‘pause often ending 
before the end of the muscle twitch (Matthews, 1933). He does not refer to this 
feature but it could clearly be explained on his hypothesis, advanced on other 
grounds, that the central part of the muscle spindle, where the sensory nerve 
endings lie, has a lower viscosity than the ends. The length of the pause would 
then depend on their relative viscosities. One of the functions of the many 
intrafusal motor nerve fibres (Barker, 1948) may be to alter the viscosity of the 
ends of the muscle spindle in order to adjust the length of the pause. Active 
intrafusal fibres would mean high viscosity and a long pause (i.e. little ‘phase 
advance’) and vice versa. This speculation has, at least, the advantage that it 
permits an explanation of all the present observations and their discrepancies 
with previous results, and in addition poses definite questions for the future. 
Stated in another way, it is suggested that an important part in co-ordination 
of a voluntary effort is the adjustment of the transient response of the muscle 
servo-mechanism by discharge of impulses to the intrafusal muscle fibres. The 
intact human subject adjusts his spindles accurately; conversely in the old 
experiments on decerebrate cats the silent period was irregular but usually 
brief, with large humps on the falling phase of the twitch; on present ideas this 
would indicate too much ‘phase advance’ due to paralysis of the intrafusal 
fibres. The question raised is how far similar human pathological variations of 
the muscle servo-mechanism at present attributed to changed briskness or 
gain, are really due to incorrect proprioceptive feedback from maladjusted or 
paralysed muscle spindles. rie | 
SUMMARY | 
1. The phenomenon of the silent period has been investigated on the human 


adductor pollicis muscle during a steady voluntary effort. 
2. Following an electrical stimulus to the motor nerve there is a silent period 


a: only if the stimulus is strong enough to cause a mechanical twitch of the 


muscle, 
3. The size of the twitch relative to the steady tension pre-existing in the 
muscle determines the degree of silence; thus a superimposed twitch 10% of the 


steady tension produces a well marked silent period over a wide range of tension. 


4. The duration of the silent period is dependent on the time course of 
mechanical change in the muscle. | 

5. It is possible to distinguish an early interval of antidromic block which 
precedes the main silent period and often runs into it. 

6. The main silent period must be due to changes in the afferent inflow from 
the muscle. It is most likely a reflexion of the pause in sensory discharge of the 
muscle spindles during a twitch discovered by Matthews. 

7. Matthews’s theory of the self-regulating or servo properties conferred on 
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the stretch reflex by the arrangement of the muscle spindles in parallel with 
the main muscle fibres is extended. 

8. The silent period is regarded as a transient response of the servo. The fact 
that it is non-oscillatory in spite of the long time lag around the servo loop 
 Taises new problems. 


It is » pleasure to express my indebtedness to Dr E, A. Carmichael for his continued encourage- 
ment and advice, and to Dr W. A. H. Rushton for much valuable criticism. 


Note added in proof. Granit has recently described a new and powerful 
technique for the investigation of proprioceptive reflex effects in the experi- 
mental animal. The first stages of his analysis (Granit, 1950) have made it 
clear that the silent period is only one aspect of a complex pattern of inter- 
related reactions, but it is not yet apparent how far conceptions arising out 
of studies of the silent period as an isolated phenomenon may have to be 
modified when the whole pattern is understood. Final judgement on all these 
matters will await precise knowledge of the function of the intrafusal muscle — 
fibres. 
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URINARY EXCRETION OF FERROCYANIDE IN THE CAT 


By M. GRACE EGGLETON anp Y. A. HABIB 
From the Department of Physiology, University College, London 
(Received 8 November 1950) 


Ferrocyanide clearance is equal to the glomerular filtration rate (¢.¥.R,) in the 
dog (Van Slyke, Hiller & Miller, 1935; Berliner, Kennedy & Hilton, 1950), but 
in man is less than the c.¥.R. (Miller & Winkler, 1936). It has been suggested 
(Smith, 1937) that this difference might be due to the fact that a much lower 
concentration of ferrocyanide in the plasma was employed in the latter study 
than in the former. Investigation of the mode of excretion of ferrocyanide has 
now been made in the cat, over as wide a range of ferrocyanide concentration 
in the plasma as possible, in the hope of determining whether the plasma 
concentration does in fact affect the clearance of the substance. 


METHOD 


The experiments (16) were all performed under pentobarbitone sodium (nembutal) anaesthesia 


and the general technique employed has been already described (Eggleton & Habib, 1949a). The 
sodium ferrocyanide was usually given in 7% solution, either as a single intravenous or sub- 
cutaneous injection or by constant infusion, so that clearances could be measured while the plasma 
ferrocyanide concentration was either decreasing or increasing. G.¥.R. was measured by creatinine 
clearance, the creatinine being usually given subcutaneously. In the few experiments in which 
p-aminohippurate (PAH) clearance was determined, the substance was given by constant infusion 
following a small priming dose. 

The concentrations of all of these substances were determined by the photoelectric absorptio- 
meter: creatinine as the alkaline picrate, ferrocyanide by the method of Berliner et al. (1950) and 
PAH by the method of Smith, Finkelstein, Aliminosa, Crawford & Graber (1945) with the slight 
modification already described (Eggleton & Habib, 19492). Chloride was determined by electro- 
metric titration; ferrocyanide also precipitated as the silver salt, but in quantitative manner, 80 
that correction could be made for it. Urea was determined in plasma by the method of Conway & 
O’Malley (1942) and in urine by direct titration after addition of urease. 


RESULTS 


The ferrocyanide clearance was usually less than that of creatinine at low 
concentrations of plasma ferrocyanide and rose above it with increasing con- 
centration. This relationship between ferrocyanide clearance and concentration 
in the plasma was consistently observed in every experiment, whether the 
plasma ferrocyanide concentration was increasing or decreasing, though the 
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absolute value of the clearance ratio at any given concentration varied some- 
what from one experiment to another. The results of an experiment shown in 


Fig. 1 give some idea of the magnitude of the change. 


Fer rocy ejcre i 
clearance ratio 442. 
410 
| +08 
06 
19 Clearance 
18} (c.c./min.) 
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H 
14F Concentration in qplasma 
13 (mg./100<.c.) 0 
20 Urine flow (c.c./min.) 10 

20 80100120140 160 180 200 

1g. creatinine 3g. ferrocyanide 

subcutaneously (40 c.c.) sntravenously 


Rig. 1. The effect of changing plasma ferrocyanide concentration on ferrocyanide clearance. 
ferrocyanide. 


mg. ferrocyanide secreted/100c.c G.F.R. 


Cat, 4-0 kg. + —— + =creatinine; @ ---~-- e- 
+ + 
25 + + 
20 + + + 
+ 
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Fig. 2. The relationship between plasma ferrocyanide concentration and the amount of ferrocyanide 
secreted. + =concentration decreasing; @=concentration increasing; «=mean of 3-5 


observations. 


The changes in clearance ratio are larger than in some dicpetimente, but the 
consistency of the effect led us to calculate the amount being apparently 
reabsorbed or secreted at different plasma ferrocyanide concentrations. The 
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results of one experiment are given in detail in Table 1 and those obtained 
from 13 experiments are plotted in Fig. 2. The secretion rate is expressed in 
terms of mg./100 ¢.c. G.¥.R. because, as in earlier work on thiosulphate and 
PAH (Eggleton & Habib, 1949a, 6), the G.¥.R. in cats appears to bear no relation 
to their body weight. The values obtained from these 13 animals obviously fall 
about a straight line which, if extrapolated to zero concentration, cuts the 
ordinate at c. —10 mg./100 c.c. c.¥.n. In other words, there would appear to 
be a steady reabsorption of 10 mg. ferrocyanide/100 c.c. G.¥.R., accompanied 
by secretion at a rate which increases steadily with i Increasing concentration. 


TaBue I. The effect of variation in plasma ferrocyanide concentration on 
the amount of ferrocyanide secreted. Cat, 3-97 kg. 


Plasma Ferrocyanide (mg./min.) 
ferrocyanide A 


717 15°8 12-15 13-4 1-25 79 0-6 
91 14-0 12-75 15-15 2-4 17-1 0-67 
106 12-7 13-47 16-27 2:8 22-0 0:79 
12-6 11-2 13-35 2°15 17-0 0-725 
59 13-3 7-85 9-4 1-55 11-6 0-675 
41 13-3 5-44 6-63 1-19 0-65 
31 13-9 4-32 4-93 0-61 4-4 0-705 
22:5 15-9 3°58 4-05 0-47 2-95 0-765 
16 16-1 2-58 2°85 0-27 1-68 0-89 


The average creatinine clearance of 10 of the 13 animals used was 18-3 c.c./min. 
(range 13-3-25-0), their body weight 3-62 kg. (range 2-9-4:8). Only 12 of the 
81 observations come from the remaining 3 cats in which the creatinine clearance 
had been seriously reduced by a high concentration of ferrocyanide (see 
following section). In a fourteenth animal, the reabsorption process appeared 
to be considerably greater. At a plasma ferrocyanide concentration of 
99 mg./100 c.c., only 3 mg./100 c.c. G.F.R. was apparently secreted and this fell 
smoothly to a value of —5 mg./100 c.c. G.F.R. as the concentration fell to 
55 mg./100 ¢.c. plasma. This cat was one of the largest used in the whole series 
(4-75 kg.) and had a creatinine clearance of only 10-5 c.c./min. 

The experiments were all performed with a fairly low and slowly changing 
plasma creatinine concentration attained by subcutaneous injection of the 
substance, for in one experiment a high concentration induced by intravenous 
injection had the effect of reducing slightly but significantly the ferrocyanide 
clearance. This effect has not been further investigated, but the variation in 


plasma creatinine concentration (7-30 mg./100 c.c.) encountered after sub- — 


cutaneous injection of the substance is not responsible for the scatter of 
individual points in Fig. 2. 


concentration  4.F.R. reted/100 c.c. flow | 
(mg./100 c.c.) (c.c./min.) Filtered Excreted Secreted G.F.R. (c.c./min.) ; 
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Nephrotozic action of ferrocyanide 


It is to be noted in Fig. 1 that the creatinine clearance itself is affected by the 


plasma ferrocyanide concentration, being slightly depressed by a high con- 
centration and recovering rapidly with falling concentration. This phenomenon 
was encountered in most dramatic form when a large dose of ferrocyanide was 
given rapidly intravenously, as in the experiment whose results are depicted in 
Fig. 3. At the high concentrations of ferrocyanide, the great reduction in 
creatinine clearance was accompanied by a diminution in the amount of 
ferrocyanide secreted/100 c.c. G.¥.R.; this varied between 6 and 17 mg., 
considerably less than the maximum reached in Fig. 2. The only values from 
the experiment included in that figure are the last two, when recovery appeared 
to be fairly complete. 


ractio 638 
7 0-26 
024 
12- 
Clearance} 022 
10 
(c.c./min.) 
+ 
3 
2 
| Concentration e_ 200 
plasma 
(mg./100 30 160 
c.c.) 25 120 
Urine flow (c.c./min) =, 120 80 
05 


L 
20 % 60 80 100° 120 140 160 180 min. 
1g. creatmmne 5g. (45c.c.). 
subcutaneously ferrocyanide intravenously 


Fig. 3. The depressant effect of a high concentration of plasma ferrocyanide on the creatinine and 
ferrocyanide clearances. Cat, 4-03 kg. + —— + =creatinine; @ ----- @ =ferrocyanide. 


The drastic fall in the clearance of both substances was accompanied by a 
marked slowing of urine flow which, in this experiment, was partially countered 
by infusion of urea solution. In an earlier experiment of the same nature, 
complete anuria developed and only after 2 hr., during which time 5 g. of urea 
had been infused, did the flow recover to a measurable rate. In general, 
however, ferrocyanide has a strong diuretic action. 

‘Relevant details of these two experiments and of three others of a similar 
nature are given in abbreviated form in Table 2. In the first three, the secretion 
of ferrocyanide falls within the normal range, although the creatinine clearance 
is seriously depressed. In the fourth, the secretion rate fell as the plasma 
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ferrocyanide concentration rose above 100 mg./100 c.c., yielding values varying 
either side of 0. In the fifth, of which the whole course of the experiment is 
shown in Fig. 3, there is marked depression of secretion at the high plasma 
ferrocyanide concentration, but this returns to a normal value at a time when 
the creatinine clearance has only recovered to 65%, of its original value. 


TaBLE 2. The toxic action of a high concentration of plasma ferrocyanide 
C ti F id 
A Plasma secreted 
Urine flow ferrocyanide (mg./100 


Exp. (kg.) (min.) (c.c./min.) U/Pratio (c.c./min.) (mg./100¢.c.)  @.¥.R.) 
4-0 0 1 g. creatinine + 0:8 g. 


18-3 6:8 -5 
2 g. 
136-152 11-0 11- 0-98 118” 26-8 
186-204 13-1 (13-0 0-98 63 9-1 
2 3-5 0-7 3 g. ferrocyanide intravenously. 1 g. creatinine subcutaneously 
113-126 0:37 115 29-5 
208-236 0-9 55 9-0 
3 3-1 0-10 iat 1 g. creatinine subcutaneously 
10-64 A 0-95 ¢.c./min. 
56-64 14-9 O74 131 
136-156 19-0 26 0-73 27 1-1 
4 2-7 0-14 0°75 a ape intravenously. 0-75 g. creatinine subcutaneously 
14-212 infused at 0-14 o.c./min. 
3444 over: 0-33 96 16-3 
192-212 11-6 0-34 147 3-5 
5 4-0 0 creatinine 
23-33 12:3 27 0 
61-73. 1-85 213 75 
143-165 8-25 | O61 87 10-0 


In a sixth experiment, tubular secretion appeared to be depressed at a lower 
plasma ferrocyanide concentration than usual, with no change in creatinine 
clearance. As the concentration rose from 72 to 93 mg./100 c.c. plasma, the 
clearance remained slightly below that of creatinine, indicating an apparent 
reabsorption of 1-3 mg. ferrocyanide/100 c.c. c.¥.n. These anomalous results 
have not been included in Fig. 2. Recovery occurred as the concentration was 
allowed to fall. a 

Various attempts were made to determine the possible nature of this 
depressant action of ferrocyanide on the creatinine clearance. In two experi- 
ments, PAH clearance was measured. In one, an initial creatinine clearance 
of 16-7 c.c./min. was reduced to 14-4 by a somewhat slower injection of 3 g. 
ferrocyanide than in the experiment depicted in Fig. 3, but the plasma flow 
remained unaffected, the filtration fraction falling from 0-32 to 0-27. As the 
creatinine clearance recovered to a final value of 18:8 c.c. /min. with falling 
plasma ferrocyanide concentration, the plasma flow remained remarkably 
constant, the filtration fraction increasing again to a value of 0-36. With a more 
drastic action of ferrocyanide i in the second experiment, the effect on PAH 
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clearance was quite different, as may be seen from the behaviour of the filtra- 

tion fraction shown in Fig. 3. The extreme depression in creatinine clearance 

was accompanied by an even greater fall in PAH clearance, giving an apparent 

increase in filtration fraction. There may in fact have been a real increase in 

filtration fraction, but the results could equally well be due to diminished 

a of PAH by the tubule cells giving a fictitiously low value for plasma 
ow. 

In two experiments chloride analyses were made, but the results obtained in 
one could not be interpreted as due to the action of ferrocyanide, owing to the 
changing rate of urine flow and of plasma chloride concentration. In the other, 
comparable rates of urine flow were induced before and after the ferrocyanide 


injection, but the Cl U/P ratio remained unaffected although the creatinine ~ 


clearance was reduced from 11-5 to 9-5 c.c./min. 


In four experiments urea clearance was determined, in the expectation that tT 


tubular damage might result in a ‘leakiness’, of which the first sign would be 
a fall in this clearance. The results are given in abbreviated form in Table 3; 
each clearance value is the mean of two separate determinations. The first two 
animals proved unusually resistant to the rapid intravenous injection of 3-5 g. 
ferrocyanide and showed only a small drop in creatinine clearance. Admittedly, 
the clearance ratio did not rise as much as might have been expected from the 


increase in rate of urine flow, but there is no hint of a fall. It had been hoped 


TaB.E 3. The effect of a high concentration of ferrocyanide on the urea clearance 


Bod Creatinine 
t Urine flow clearance Urea/creatinine 
Exp. (kg.) Time (min.) _ (¢.c./min.) (c.c./min.) clearance ratio 
1 3-06 29-2 0-64 
‘5 g. ferrocyanide injected intravenously 
62-85 1-5 26-0 0-64 
85-109 1-04 27-0 0-66 
109-137 0-71 25-0 0-58 
137-177 0-77 23:6 0-58 
2 3-06 * 22-50 0-61 19-5 
52-59 3°5 g. ferrocyanide injected intravenously 
50-73 21 18-4 
73-103 1-09 17-1 0-73 
103-137 0-65 16-2 0-61 
137-169 0-45 16-1 0-6 
3 4:8 15-39 1:39 25-2 0-75 
39-134 7% ferrocyanide solution infused at 0-8 c.c./min. 
39-64 1-22 21-6 0-79 
64-94 1-29 19-5 0-80 
94-134 1-79 17-6 0-80 
134-168 1-59 19-5 0-78 
168-204 AP 1-1 20-9 0-73 
4 3-5 438 BD 10-4 0-83 
38-134 1% ferrocyanide solution infused at 0-8 c.c./min. 
38-62 108 8-4 0-80 
62-94 1-04 9-0 0-76 
94-134 0-95 0-76 
134-168 0-57 5-1 0-82 


168-206 054 41 0-64 
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that the initial diuresis induced by infusion of sulphate might have been so 
high as to be unaffected by a subsequent injection of ferrocyanide but in this 
experiment the diuretic effect of ferrocyanide was unusually large. 

In the third experiment, the ferrocyanide infusion produced a steady drop 
in creatinine clearance, from 25-2 to 17-6 c.c./min., but again there was no fall 
in the clearance ratio. The fourth animal proved more resistant to a similar 
infusion, but a considerable fall occurred immediately after the infusion was 
stopped. The plasma ferrocyanide concentration had reached a value of 
220 mg./100 c.c. and, as it fell to 110 mg./100 c.c. at the end, the ferrocyanide 
clearance was actually less than that of creatinine. In spite of this failure of 
secretory power by the tubule cells, the urea/creatinine clearance ratio showed 
no significant fall. The evidence seems fairly conclusive that the tubular 
damage is restricted to depression of secretory power and has not made the 
cells more permeable than normal. | ) 


DISCUSSION 


Ferrocyanide appears to be treated by the kidney of the cat in a manner dif- 
ferent from that of most other substances investigated. Thiosulphate is 
secreted, its clearance falling with increase in concentration, but remaining 
always above that of creatinine (Eggleton & Habib, 1949a). PAH is also 
secreted at low concentration, a maximum value (7'm) is reached, and at still 
higher concentration is depressed so that the clearance falls below that of 
creatinine (Eggleton & Habib, 19496). Phosphate is reabsorbed—a more or 
less constant fraction of that filtered—and its clearance remains below that of 
creatinine at all concentrations studied (Eggleton & Habib, 1950). Inulin, like 
ferrocyanide, appears to be both secreted and reabsorbed (Eggleton & Habib, 
1951), but a maximum clearance in relation to that of creatinine occurs at 
c. 30 mg./100 c.c. plasma, falling at both lower and higher concentrations. 
Ferrocyanide, on the other hand, shows a steadily increasing rate of secretion 
with increasing concentration from 10 to 100 mg./100 c.c. plasma, although at 
the lower concentrations its clearance is usually less than that of creatinine. 
The simplest explanation which can be advanced for such behaviour is that of 
@ double reabsorption-secretion process. If a constant amount is being 
reabsorbed—the 7'm value already attained at the lowest concentration at 
which analyses have been made—then the steady increase in amount secreted 
with rising concentration indicates a much more sluggish process of secretion — 
to which no 7'm value can be assigned owing to the toxic action of ferrocyanide © 
on the kidney at high concentrations. 

Such toxic action has already been noted in man (Miller & Winkler, 1936). 
With a dosage of only 1-4 g., and a plasma ferrocyanide concentration of 
7-8 mg./100 c.c. at the time of clearance measurements, albuminuria and casts 
resulted and persisted for 2 weeks, although the urea clearance was normal 
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when measured on the 5th day. With larger doses in other patients, similar 
effects were observed, though less pronounced and less prolonged, and with the 
largest dose (6-2 g.) and a plasma ferrocyanide concentration of 40 mg./100 c.c., 


both creatinine and ferrocyanide clearances were considerably lower than 


normal. In all 7 subjects, the ferrocyanide clearance was less than the creatinine 
clearance and, on the basis of Shannon’s results (1935), of creatinine/inulin 
clearance ratios in man, would have been less than the inulin clearance. There 
is considerable individual scatter, but a definite tendency for the ferrocyanide/ 
- creatinine clearance ratio to increase with increasing concentration as in the 


: gat, Whether a double process of reabsorption and secretion is concerned, with 


_ reabsorption predominating, must, however, remain an open question, for it 
seems unlikely that any further systematic work on the mode of excretion of 


___. ferro¢yanide in man will be undertaken in view of its toxicity to the kidney. 


The lack of nephrotoxic effect of this substance in the dog (Van Slyke et al., 
1935) and in the rabbit (Gersch & Stieglitz, 1934) has been attributed to the 
fact that it does not appear to be reabsorbed or secreted, as indicated by 
clearance studies in the dog and histochemical studies in the rabbit. Miller & 
Winkler (1936) also suggest that the toxic action in man may be due to the 
strong reducing action of ferrocyanide in its passage through the tubule cells, 
with the inference that the fall in clearances is due to leakage back of the urinary 
constituents through the damaged cells to the blood stream. Our own results 
on the cat, however, do not support this hypothesis. 

The first sign of such ‘leakiness’, demonstrable most easily under the action 
of cyanide, is a fall in urea dhatanne: Nicholson (1949) found a 50°% fall in 
urea clearance with no change in that of creatinine or inulin when he perfused 
one kidney of the intact heparinized dog with blood containing cyanide. The 
accompanying rise in Cl U/P ratio could not alone be accepted as evidence of 
tubular damage because of the great increase in rate of urine flow, but the drop 
in urea clearance was a clear indication of increased permeability of the tubule 
cells, In the majority of our own experiments with ferrocyanide, the first 
indication of toxicity is a drop in creatinine clearance, with a comparable drop 
in that of any other substance studied. With higher concentrations of ferro- 
cyanide, the diuresis induced by lower concentrations sometimes gives place 
to oliguria, the creatinine and other clearances are more profoundly depressed 
and the secretion of ferrocyanide apparently inhibited. Even under these 
conditions, the urea clearance is only depressed to the same degree as that of 
creatinine and the Cl U/P ratio remains unchanged. | 

These results suggest that the major action of the ferrocyanide in high 
concentration is to cause a reduction in filtration rate, its action on the tubule 
cells limiting only their power of reabsorption of water and of secretion of 
ferrocyanide and, possibly, that of PAH. The mechanism whereby the filtration 
rate is reduced is not obvious, but, if the line of reasoning adopted in the case 
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of thiosulphate be accepted (Eggleton & Habib, 1949a), it is applicable also to 
that of ferrocyanide: some nephrons are put right out of action, leaving others — 
functioning fully, apart from the direct action of ferrocyanide on tubular 
secretion. 

SUMMARY 


1. The clearance of ferrocyanide in the cat is lower than that of creatinine 
at low plasma ferrocyanide concentration and rises above it at high concentra- 


tion (Fig. 1). 

2. This result is most simply explained as due to the sum of a constant 
reabsorption of c. 10 mg. ferrocyanide/100 c.c. G.F.R. with superimposed 
secretion mounting steadily with increase in concentration (Table 1, Fig. 2). 

3. At concentrations above c. 100 mg. ferrocyanide/100 c.c. plasma, the 
kidney is reversibly damaged: the filtration rate is depressed and the tubule 
cells fail to secrete at the normal rate, but show no sign of increased ‘leakiness’ 
(Fig. 3, Tables 2 and 3), 
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CARBOHYDRATE METABOLISM AND MUSCULAR 
EXERCISE 


By ©. G. DOUGLAS anp A. C. E. KOCH | 
From the Physiological Laboratory, University of Ozford 
ae (Received 21 November 1950) 


Courtice & Douglas (1936) followed the course of the respiratory exchange in 
the post-absorptive subject during and after a long period of moderate muscular 
exercise, a 10-mile walk at a steady pace of 44 miles per hour. They found that 
the R.Q. tended to rise a little above the preliminary resting level in the early 
stages of the exercise and then declined gradually as the exercise continued, 
to fall on cessation of the exercise to a low level which was maintained for 
several hours and was accompanied by ketonuria. If the subject had taken 
a catbohydrate-rich diet for 1 or 2 days preceding the post-absorptive experi- 

ment the r.Q. behaved in the same!way save that it ran throughout at a higher 


level, and in the post-exercise period there was no ketonuria. ‘It was concluded — 


that this must be due to the fact that the reserve store of carbohydrate (liver 
_ and possibly “muscle glycogen) had been increased so that better use could be 
made of carbohydrate during the exercise and that sufficient reserve was still 
available to prevent ketonuria during subsequent rest. On the other hand if 
the subject (previously post-absorptive) ingested 60-70 g. of carbohydrate, 

mainly glucose, some 7 0-80 thin. before beginning the exercise, although he 
started the walk with a higher R.Q. this fell more rapidly so that at the end of 
the walk it had reached about the same value as in the simple post-absorptive 
experiment, and it fell to almost as low a figure in the subsequent period of 
rest and was accompanied by ketonuria. Evidently the beneficial influence of 
a previous high-carbohydrate diet could not be secured by giving a single dose 
of carbohydrate an hour or so before beginning the exercise. The result of these 


experiments was therefore in harmony with the conclusion reached by 


Christensen, Krogh & Lindhard (1934) that ‘when long continued, severe 
work is to be performed the preceding diet must provide ample energy, mainly 
in the form of carbohydrate, to fill up the stores of glycogen. When the absolute 
maximum of work is to be attained. ..about 2 days rest is required to secure 


a complete filling up of the glycogen stores, and it appears that this cannot be — 


done by taking large amounts of carbohydrate om prior to the work.’ 
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The experiments of Courtice & Douglas have now been carried a stage 
| further. They have been made mainly on two subjects, Koch, aged 45 years 
and weight 155 lb., and Craig, aged 20 years and weight 182 lb. A few experi- 
ments were also made on Gee, aged 22 years and weight 164 Ib. 


METHODS 


The exercise consisted of an uninterrupted walk of 10 miles atthe pace of 4 m.p.h. in the case of — 
Craig and Gee and 3} m.p.h. in the case of Koch. Two fairly level tracks on gravel paths were used 
for the experiments in Gee and Koch, the circuit of thé larger being 1-39 miles (2237 m.) and of 
the smaller, which was close to the laboratory, 87 yards (79 m.). After completing a cironit on 
4 the larger track an assistant slipped the bag apparatus onto the shoulders of the subject whilst — 
he was walking and the walk was continued for twelve laps on the small circuit, during the last 
four of which a sample of expired air was collected. The total distance walked was now approxi- 
n mately 2 miles. The assistant then removed the bag filled with expired air and the subject started 
ir {walking again round the larger circuit. By repeating this procedure five samples of expired air for 
determining the respiratory exchange were obtained at equal intervals of time during the 10-mile 
walk. The pace was kept steady by checking with a watch the time of passing known points on 
y the tracks, By the time experiments were made on Craig a moving platform based on that designed 
1, by Benedict & Murschhauser (1915) had been built, and this was substituted for the walks round 
r the smaller track. This assured a uniform pace during the collection of the bag samples and made 
it easier to collect samples of blood. 

Blood samples for the analysis of blood sugar and lactate were taken by finger puncture with 

I the help of an assistant without interrupting the walk, the blood being received into a porcelain 
or crucible, containing a trace of potassium oxalate, from which the required amount was at once 
d | Pipetted into the appropriate precipitating solution. The respiratory exchange was determined by 
s the bag method. Blood sugar was estimated by the method of Hagedorn & Jensen, and blood 
lactate by the method of Barker & Summerson (1941) as modified by Strom (1949). All analyses 
e were made by Koch and were in duplicate. Urine was tested qualitatively for glucose by Benedict’s 
I} =| reagent, and for ketone bodies by Rothera’s test. When required rectal and oral temperatures 
if were taken with clinical thermometers, the rectal thermometer being inserted to a depth of 
2} in. into the rectum. Glucose was ingested in solution, a dose of 50 g. being dissolved in about 
300 ml. of water and a dose of 10 g. in about 100 ml. 
e The routine of a full experiment was as follows. The subject arrived at the laboratory as 
absorptive. After reclining at complete rest in a deck-chair for at least $ hr. two successive bag 
e samples of expired air, each of about 10 min. duration, were taken for the determination of the 
if resting respiratory exchange. The subject then started his experimental walk and, as soon as this 
was completed, he again rested in the deck-chair for 1} hr. during which time the respiratory 
exchange was determined at 4 hr. intervals. 


RESULTS 


e 

: | Figs. 1 and 2 show the course of events in simple post-absorptive experiments, 
y i glucose being taken. For Craig the figure is based on the mean of two 
. ) @Xperiments and for Koch on the mean of four experiments. The results 
‘ obtained on a given individual under the same conditions showed only minor 
e Variations (cp. the example given in the Appendix), and mean values can there- 
_} fore be fairly used for plotting the graphs. The rate of oxygen consumption is, 
of course, higher in — than in Koch since he was the heavier and ag at 
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the faster rate. It will be seen that the changes in the R.Q. are similar to those 
described by Courtice & Douglas (1936), and in both cases ketonuria developed 
after the subject returned to rest. 


Respiratory exchange (mi./min.) 


_ 


0 30 6090 120150 180-210-240 270 
Time in min. ; 
Fig. 1. Craig, post-absorptive. Effect of a 10-mile walk at 4 miles/hr. ee semen 
O-——O, CO, production; @ @, 


Koch 


é 


: 


exchange (c.c./min.) 
| 


Respiratory 


Walking at 35 m.p.h.———> 


i i i i i 


i i 
0 30 6 9 120 150 180 210 240 270 


Time in min. 
Fig. 2. Koch, post-absorptive. Effect of a 10-mile walk at 34 miles/hr. : @— ©, 0, consumption; 
O——O, CO, production; @---4 B.Q. 


In attempting to assess the relative carbohydrate and fat metabolism from | 


the 8.Q. certain disturbing factors must be avoided. Changes of body tempera- 
ture and the accumulation of excess lactic acid are liable to be particularly 
troublesome during muscular exercise. The increase in the excitability of the 
respiratory centre which occurs as body temperature rises will in itself cause 
a rise in the 8.Q., while falling body temperature will result in a diminution 
of R.Q. Similarly an increasing concentration of blood-lactate will involve 
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a rise in R.Q., while elimination of the excess lactate will be accompanied by 
a fall in z.Q. On the other hand if the body temperature or the blood-lactate 
become stabilized at some new level the r.g. should again become representative 
of the relative metabolism of carbohydrate and fat. Table 1 shows that Koch’s 
oral and rectal temperatures rose to a moderate extent during the early stages 
of the walk but became stabilized after he had walked about 2 miles, and }hr. 
after resuming rest had again fallen to the pre-exercise level, so that any effect 
on the R.Q. should be limited to these two periods. Table 2 shows that in neither 
Koch nor Craig did the concentration of blood-lactate show any significant 
alteration as a result of the exercise, although there may have been a small 
but transient change in the early stages of the walk before the circulation and 
respiration had become fully adapted (Bang, 1936). Variations in blood-lactate 
can therefore be disregarded in these long experiments. 


Taste 1. Koon. Effect of a 10-mile walk at 3} m.p.h. on body temperature 


| Oral (°F.) Rectal (°F.) 
Rest before walk 98-6" 
After 2 miles 98-3 100-7 
After 4 miles 98-6 100-9 
After 6 miles 98-5 100-9 
After 8 miles 98-3 100-9 
After 10 miles 98-4 100-9 
Rest after walk: 
5 min. rest 98-3 100-2 
10 min, rest 98-3 99-7 
20 min. rest 98-1 99-0 
30 min. rest 98-0 98-6 
40 min. rest 97°8 98-6 
50 min. rest 97-8 98-6 
60 min. rest 97°8 98-6 
Tase 2, Effect of a 10-mile walk on the lactic acid concentration in the blood (mg./100 ml.) 
Koch 
Rest eek 8-5 10-0 
During walk: 
After 2 miles 78 11-4 
After 4 miles — 8-4 
After 6 miles 9-1 10-4 
After 8 miles — 10-7 
After 10 miles 76 10-3 
Rest after walk: | 
30 min. rest 8-4 8-7 
60 min. rest 9-1 11-2 
90 min. rest — 8-7 


In Fig. 3 the changes in R.Q. for each of the three subjects in a simple post- 
absorptive experiment are contrasted with the changes recorded (a) when 
a single dose of 50 g. of glucose dissolved in about 300 ml. of water was taken 
70 min. before beginning the walk, and (b) when 10 g. of glucose dissolved in 


about 100 ml. of water were taken before each 2 miles of the walk, the total 
14—2 
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amount of glucose ingested in divided doses being therefore the same as when 
it was given in a single dose. For Koch the graphs give the mean of four 
experiments post-absorptive, four with the single dose of sugar, and three with 
divided doses: for Craig the graphs give the mean of two experiments post- 
absorptive, two with the single dose, and three with divided doses (details of 
which are given in the Appendix). The graph for Gee with divided doses is the 
mean of two experiments, but only single experiments were made on him when 
post-absorptive or after taking the single dose of glucose. _ 


0-80 - 
at 35 m.p.h.——> 

070 1 i i 1 
0 30 60 9 120 150 180 210 240 270 


Time in min. 


Fig. 3. Effect of a 10-mile walk on the 8.9.: @—— @, post-absorptive; @--- @, 50 g. glucose 
taken 70 min, before walk; O——O, 50 g. glucose taken in divided doses during walk. 


The general features are the same for all three subjects. After taking the 
single dose of 50g. of glucose 70 min. before beginning the walk the initial 
resting R.Q. (determined in the last 20 min. immediately hefore starting the 
walk) was considerably higher than that found in the simple post-absorptive 
experiments. With Koch and Craig this difference, though smaller, was still 
apparent at the end of the first 2 miles of the walk, but from the end of the 
4th mile onwards the 8.9. ran practically the same course in the single-dose 
experiments as in the simple post-absorptive experiments, nor was there any 
significant difference i in the low post-exercise z.Q. With Gee the initial difference 
in R.Q. is rather greater than with the other two subjects, and this difference 
persists throughout the walk although at the end of 10 miles it was little above 
the value found in the experiment.  Post-exercise ketonuria 
developed in all these cases. 

When, however, the glucose was given in divided doses there was a striking 
difference. The 8.9. rose during the first 2 miles of the walk and then remained 
fairly steady throughout the rest of the walk at a figure considerably higher 
than in the other experiments. In no single instance was there post-exercise 
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ketonuria. In fact, when the glucose was given in divided doses during the 
walk the result appears to simulate that described by Courtice & Douglas when 
they gave a high-carbohydrate diet for 1 or 2 days preceding a simple post- 
absorptive experiment. 


8 


3 


Blood sugar (g./100 €.c.) 
8 


0 3 & 9 120 150 180 210 240 
Time in min. 

Fig. 4. Craig. Upper curves. At rest: @—— @, 50 g. glucose in a single dose at zero time. Normal 
glucose tolerance curve; @ ——— @, 50 g. glucose in divided doses of 10 g. every } hr. beginning 
at zero time. Lower curves. During 10-mile walk: @—— @, 50 g. glucose in a single dose 
70 min. before starting walk at zero time; @ --—@, 50 g. glucose in divided doses of 10 g. 
at the beginning of each 2 miles of the walk starting at zero time. 
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Fig. 5. Koch. For description see Fig. 4. 


The results of the blood-sugar analyses on Craig and Koch are shown in 
Figs. 4 and 5. Each of the graphs is the mean of two experiments, save the 
record on Craig with divided doses of glucose during the walk which is the 
mean of three, In the upper half of each figure the continuous line shows the 
normal glucose tolerance curve at rest when the subject, who was previously 
post-absorptive, was given a single dose of 50 g. of glucose at zero time, and 
the interrupted line the blood-sugar concentration when the same amount of 
Sugar was given at rest not in a single dose but in divided doses of 10 g. given 
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at intervals of + hr., viz. at zero, 30 min., 60 min., etc., up to 120 min. It will 
be noticed that Craig’s fasting blood-sugar concentration has the normal value 
of about 100 mg. /100 ml. blood; Koch’s is about 115 mg./100 ml. and his 
tolerance curve is of the ‘lag’ type, but he never showed glycosuria. With the 
divided doses of glucose the blood-sugar concentration does not rise so high 
as in the ordinary tolerance curve but reaches an intermediate level which is 
then maintained fairly steady until the 150th min. after which it falls rapidly. 

The lower halves of Figs. 4 and 5 show the blood-sugar concentration during 
walks in which glucose had been taken. The continuous line refers to experi- 
ments in which 50 g. of glucose were taken 70 min. before beginning the walk 
which lasted from zero to 150 min. in Craig’s case and to.170 min. in Koch’s 
case. Judging from the normal sugar tolerance curves of the subjects Craig’s 
blood-sugar concentration 70 min. after ingesting the glucose should be about 
115 mg./100 ml. blood and Koch’s about 180, and the blood samples taken 
immediately before starting the walk at zero time showed blood-sugar con- 
centrations agreeing reasonably with the expected figure. From this point the 
blood-sugar concentration falls until the 30th min., after which it maintains 
a level which is practically identical with that seen in a simple post-absorptive 
experiment in which no glucose had been taken. In the latter case the blood- 
sugar concentration was found to show at most but a slight diminution during 


the walk below the original fasting level at rest. The interrupted line shows | 


the effect of giving divided doses of glucose, 10 g. each } hr. starting from 
zero time, until 50g. in all had been taken. The blood-sugar concentration 
rises during the first } hr. and then remains steady as in Craig, or diminishes 
- gradually as in Koch: in both cases the blood-sugar concentration is maintained 


throughout the walk at a level substantially higher than when the glucose was 


given in a single dose 70 min. beforehand. 
Single experiments under the different conditions were also made on Gee and 
his changes of blood sugar followed the same course as in Craig. 


Fig. 6 shows the effect of altering the dose of glucose. As might be expected, 


increasing the total dose of glucose from 50 to 75 g., given in divided doses of 
15 g., caused a still greater maintained rise of R.Q. during the walk without, of 
course, any post-exercise ketonuria. Reduction of the total dose of glucose to 
30 g., given in divided doses of 6 g., resulted in barely appreciable rise of R.Q. 
_ during the walk, but there was no tendency for it to fall during this time as in 
the simple post-absorptive experiments: the post-exercise R.Q. was lower than 
_ when 50 g. of glucose had been taken in divided doses, a very weak Rothera 
reaction being sometimes shown in the urine passed during subsequent rest. 
With the divided doses of 6 g. of glucose Craig’s blood-sugar concentration was 
maintained about 6 mg. [100 ml. above the post-absorptive level instead of 


about 13 mg. as found in the a with divided doses of 10g. of 
glucose. 
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_ Three experiments were made on Craig in which 50 g. of glucose were taken 
immediately before starting the walk instead of 70 min. beforehand. The mean 
results are shown in Fig, 7. The R.Q. rises from 0-82 fo 0-88 at the end of 1 hr. 
and then falls steadily to 0-78 at the end of the walk, a similar value to that 


Walking at 4 m.p.h._, 

0 30 6 WW 120 150 180 210 240 

Time in min. 

Fig. 6. Effect of altering the dose of glucose taken in divided doses during a 10-mile walk. Upper 
curves. Koch: @—— @, 10 g. glucose at commencement of each 2 miles of the walk; @ - - - @, 
15 g. glucose at commencement of each 2 miles of the walk. Lower curves. Craig: @—— @, 
10 g. glucose at commencement of each 2 miles of the walk; @ ---@, 6 g. glucose at com- 
mencement of each 2 miles of the walk. , 


~ 
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120 


0 30 6 90 120 150 180 210 240 
| Time in min. 
Fig. 7. Craig. 10-mile walk at 4 miles/hr. Upper curves. Effect on 8.9.: O——O, 50 g. glucose 
70 min. before starting walk; @—--—@, 50g. glucose immediately before starting walk; 
O ---O, 50g. glucose in divided doses during walk. Lower curves. Effect on blood-sugar 
concentration: @—— @, 50g. glucose immediately before starting walk; @--- @, 50g. 
glucose in divided doses during walk. : 


found when 50g. of glucose was taken 70 min. before the walk, but in, the 
subsequent period of rest the R.Q. remains at this level instead of falling further 
and there was at most but a suspicion of ketonuria. The blood-sugar con- 
centration was determined in two of these experiments. It rose from 98 to 
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124 mg./100 ml. at the end of the first } hr. and then fell to 88 mg. at the end 
of 1} hr., rising to about the initial level by the end of the walk. Giving 50 g. 
of glucose immediately before the exercise failed therefore to. maintain the 
R.Q. and the blood-sugar concentration throughout the period of exercise at 
- the higher level which was invariably found when the same amount of glucose 
was given in divided doses during the walk. 


DISCUSSION é 


It has, of course, long been recognized that achaksdehdh has a beneficial 
influence during prolonged muscular exercise. Krogh & Lindhard (1920) found 
that when the energy has to be derived largely from fat fatigue ensues more 
rapidly than when ample carbohydrate is available, and they have calculated 
that there is an increase of about 11% in efficiency when the energy for the 
work is derived exclusively from carbohydrate instead of exclusively from fat, 
a conclusion supported by Bierring (1932). Further confirmation of this benefit 
is given by such experiments as those of Dill, Edwards & Talbott (1932) who 
showed that the dog is capable of performing an astonishing amount of muscular 
work if given sugar at intervals, or the experiments on man of Christensen & 
Hansen (1939) who studied the influence of different diets on the capacity to 
perform heavy muscular work. 


The experiments described in the present paper, taken in conjunction with - 


the earlier work to which reference has been made, seem to make it clear that 
to attain the most favourable influence of carbohydrate during prolonged 
muscular work (i.e. maintenance of the R.Q. at a higher level and elimination 
of post-exercise ketonuria) either a carbohydrate-rich diet must be taken on 
the day or days preceding the exercise or such an easily available carbohydrate 


as glucose must be taken in suitably divided doses during the exercise. If the . 


glucose is taken as a single dose either an hour or immediately before beginning 
the exercise it seems to be disposed of rapidly and fails to ensure a sustained 
effect. 

Neglecting protein metabolism and assuming that carbohydrate and fat 
metabolism are alone involved, the amounts of carbohydrate (expressed as 
glycogen) and fat oxidized, as well as the Calorie output, can be calculated by 
the Zuntz-Schumburg method (1901), using Zuntz’s later table for the Calorie 


equivalents of 1 1. of oxygen absorbed at different R.9.’s (cited by Douglas & 


Priestley, 1948). Table 3 shows the results of such calculations based on the 
average respiratory exchange and R.Q. for the whole period of the walk for 
both Craig and Koch. 

If, however, it is accepted that the data in these tables can be correctly 
interpreted simply on the basis of the complete oxidation of certain proportions 
of carbohydrate and fat, difficulties are encountered. 
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Tasie 3. Average results for all experiments on Craig and Koch. Duration of walk 150 min. for 

Craig (4 m.p.h.), and 171 min. for Koch (34 m.p.h.). A, Preliminary rest, post-absorptive; 

B, Walk, post-absorptive; C, 50 g. glucose in single dose 70 min. before walk; D, 50 g. glucose 

_ in single dose immediately before walk; E, 50 g. glucose in divided doses during walk; F, 30 g. 
glucose in divided doses during walk; G, 75 g. glucose in divided doses during walk. 


A 2B C D E F G 
Crala: | 
CO, produced (ml./min.) 3 | 
O,a bed (ml./min.) 271 1515 1502 1504 1473 1493 — 
B.Q. 0-82 0-80 0-80 0-83 0-86 0-83 ~ 
Total glycogen metabolized (g.) — 829 822 1109 1364 1100 — 
Total fat metabolized (g.) 300 .. — 
Total Calories a 1107 1098 1104 1089 1098 — 
R.Q, during subsequent rest — 0-75 0-75 0-77 0-80 0-78 — 
Post-exercise ketonuria — ++ “+ + ? nil ? — 
Koon: 
co, uced (ml./min.) 174 941 948 —_ 978 — 1027 
O, absorbed (ml./min.) 209 1135 1127 — 1117 — 1120 
R.Q. 0-83 0:83 0°84 0-88 0-92 
Total glycogen metabolized (g.) — 95-2 103-0 — 134-0 — 166-6 
Total fat metabolized (g.) 57-8 54-2 40-4 27-0 
-B.Q. during su t rest 0-7 0- 0- 
Post-exercise ketonuria _ ++ ++ — nil — nil 


- When 50 g. of glucose were taken in divided doses during the walk Craig 
appears to have oxidized, in round figures, 53 g. of carbohydrate in excess of 
the 83 g. oxidized in the simple post-absorptive experiment, and 27 g. in excess 
when he took 30 g. of glucose in divided doses. Koch appears to have oxidized 
39 g. of carbohydrate in excess of the post-absorptive figure of 95 g. when he 
took 50 g. of glucose in divided doses, and 71 g. in excess when he took 75 g. 
of glucose. In spite of the glucose taken during the walk both subjects appear 
therefore to have oxidized as much, or almost as much, of the body’s original 
store of carbohydrate (liver glycogen) as in a simple post-absorptive experiment. 
If this were indeed so, they should have been just as liable to develop post- 
exercise ketonuria accompanied by its characteristic low R.Q., but in no single 
instance did this result ensue. 


_~ In contrast to this, when a single dose of 50 g. of glucose was taken 70 min. 


before starting the walk Craig appears to have oxidized during the walk the 
same amount of carbohydrate as in the post-absorptive experiment and Koch 
only 8 g. more. The glucose taken beforehand had practically no effect on the 
behaviour of the respiratory exchange and 2.9. during the walk, nor does it 
seem that it reduced the drain on the natural store of carbohydrate in the body, 
since during subsequent rest the R.Q. fell to as low a figure, and ketonuria was 
just as prominent, as when no glucose had been taken. After 50 g. of glucose 
has been taken in an ordinary glucose tolerance test the calculated metabolism 
of carbohydrate is increased above the post-absorptive rate, but even if this 
implies an increased oxidation of carbohydrate, calculation from two of the 
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tolerance tests described by Courtice, Douglas & Priestley (1939) shows that 
the excess so oxidized in 2} hr. after taking the test dose of glucose may be 
less than 10 g., and during the first hour may be quite trivial. It seems likely, 
therefore, that in the experiments on Craig and Koch the bulk of the glucose 
taken must have been disposed of in some other way during the 70 min. which 
elapsed before starting the walk. Had this been stored in the body as readily 
available carbohydrate the beneficial effect should have been shown during the 
walk, but there is no evidence of this, and it looks as though it may have been 
converted into some form in which it ceased to be available for use as carbo- 
hydrate during the subsequent period of exercise. 

With Craig and Koch the behaviour of the z.Q. during the walk after taking 
50 g. of glucose 70 min. beforehand differs from that described by Courtice and 
Douglas, for in the latter case the k.Q. just before starting the walk was higher, 


and from this point it fell more steeply during the walk until at the end of the | 


walk it had reached the same level as in a simple post-absorptive experiment. 
Courtice in these circumstances appeared to oxidize 131 g. of carbohydrate 
during the walk instead of 92 g. oxidized in a simple post-absorptive experi- 
ment, and Douglas 160 g. instead of 98 g. The experiments are not, however, 
quite comparable since they took 20-40 g. of bread, which would contain 
10-20 g. of starch, in addition to 50 g. of glucose, in the hope that this might 
slow down the rate of absorption from the gut, and walked at the faster pace 
of 44 miles/hr. The post-exercise R.Q. was in their case practically the same as 
in a post-absorptive experiment and was accompanied by ketonuria. In the 
single experiment made on Gee (Fig. 3) he seems to have reacted rather like 
_ Courtice and Douglas, and different individuals may therefore show differences 
in their response, although the subjects investigated were alike in developing 
post-exercise ketonuria in spite of the fairly large dose of carbohydrate taken 
beforehand. 

When Craig took 50 g. of glucose immediately before starting the ial he 
appeared to oxidize 111 g. of carbohydrate during the walk instead of the post- 
absorptive figure of 83 g. At the end of the walk there was therefore a positive 
balance to the body of 22 g. of carbohydrate, and there was only a suspicion of 
post-exercise ketonuria. 

Since each subject maintained a uniform speed of walking the constancy of 
his Calorie output in the different experiments may seem to justify the inferences 
drawn from the data. The calculations may, it is true, correctly indicate the 
amount of carbohydrate metabolized, but that this involves the complete 
oxidation of this carbohydrate is an assumption, since such a possibility as the 
conversion of carbohydrate into fat with storage of the fat so formed is ignored. 
Should such a conversion in fact occur the estimate of the energy for muscular 
work derived from carbohydrate will be too high and that from fat propor- 
tionally too low. No decision between these two possibilities can be reached 
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on a basis of measurement of the respiratory exchange alone; some further 
independent evidence is required. Moreover, the effect of any such conversion 
on the estimated Calorie output must remain uncertain until far more exact 
information is available about the precise biochemical reactions and energy 
transformations involved in the process. The assumption that the respiratory 
exchange is the result merely of the oxidation of so much carbohydrate and so 
much fat may be valid in post-absorptive experiments, but it may be otherwise 
when the body is suddenly flooded with an excess of glucose absorbed from the 
gut, even when the carbohydrate oxidation is increased by muscular activity, 
and work published in recent years emphasizes the necessity of giving some 
thought to this possibility. 

Tuerkischer & Wertheimer (1942) and Wertheimer (1945) have claimed that 
glycogen is an intermediary product in the adipose tissue of the body prior to 
the conversion of carbohydrate into fat. Mirski (1942) has found that adipose 
tissue containing glycogen exhibits a R.Q. exceeding 1-0 and suggests that 
adipose tissue itself is capable of converting carbohydrate into fat. The rate 
and magnitude of the conversion of carbohydrate into fat may be greater than 
was formerly supposed. Stetten & Boxer (1944a) have calculated that in 
adult rats on a high-carbohydrate, fat-free diet 3% of the dietary glucose was 
handled by way of glycogen, and that at least 10 times as much of the dietary 
glucose was used to synthesize fatty acids as was used to synthesize glycogen. 
Insulin plays a prominent part in this process, for in alloxan-poisoned animals 


the rate of fatty acid synthesis is markedly diminished and the rate is restored 


to normal by insulin (Stetten & Boxer, 19446). In phlorrhizinized animals 
with intact islet tissue no such depression occurred (Stetten, Boxer & Klein, 
1945). Tuerkischer & Wertheimer (1946) found that the administration of 
insulin fully restores the ability of alloxan-poisoned rats to deposit glycogen in 


_ adipose tissue. Wertheimer & Shapiro (1948) have recently reviewed this aspect 


of the physiology of adipose tissue. 3 

From Mirski’s evidence it would seem that glycogen formed in the adipose 
tissue is a transient stage on the way to fat synthesis and that it cannot be 
released as glucose from this tissue. If so, any glycogen temporarily deposited 
in the adipose tissue cannot be regarded as a readily available source of carbo- 
hydrate upon which the muscles can draw during activity. 

The extent and speed of such a conversion would presumably be related to 
the concentration of sugar in the blood and to any changes in the rate of 
secretion of insulin, but should it occur under the experimental conditions 
described in this paper it might help to explain some of the anomalous results 
noted above. For instance, if a substantial part of the glucose taken by Craig 


and Koch had, apart from any extra carbohydrate oxidized, been converted 


into glycogen and/or fat in the adipose tissue during the 70 min. which 
intervened before the walk started, and thus become unavailable as a ready 
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source of carbohydrate for muscular work, the fact that this glucose seemed 
to be without material influence during the muscular work would become 
intelligible. Again, in the experiments with divided doses of glucose, if the 
amount of carbohydrate oxidized has been overestimated because a part had 
actually been converted into stored fat, the calculated drain on the available 
carbohydrate reserve would be diminished, perhaps sufficiently to account for 
the smaller fall in the post-exercise R.q. and absence of ketonuria. Such 
a conversion may possibly have exerted an influence in the other experiments. 
But even though an explanation on these lines may appear plausible, it can 


be no more than a surmise until further independent evidence is forthcoming © 


to show whether it can be substantiated. 


SUMMARY 


1. The respiratory exchange and blood-sugar concentration have been 
determined in three subjects during prolonged, though moderate, muscular 
exercise (a 10-mile walk). 

2. It is known that if a high-carbohydrate diet has been taken for 1 or 2 
days previously, in order to increase the natural reserve of carbohydrate in the 


body, and such exercise is then performed in the post-absorptive condition, 


the benefit is shown by an increased utilization of carbohydrate during the 
walk and by the absence of post-exercise ketonuria which is liable to occur if 
the subject has previously been taking his normal diet. 

3. It has been found that the same beneficial effect could be simulated if the 
subject, who had previously been living on a normal diet, took 50 g. of glucose 
in divided doses of 10 g. at equal intervals during the exercise. 

4. If the same amount of glucose was given in a single dose either 70 min. 
or immediately before starting the exercise it appeared to be disposed of rapidly 
and failed to produce a sustained effect. 

5. in calculating from the respiratory exchange the carbohydrate meta- 
bolized it was found that some anomalous results were obtained if it was 
assumed that the r.Q. depended solely on the relative amounts of carbohydrate 
and fat oxidized. In the light of recent work on the conversion of carbohydrate 
into fat, and the important part played by the adipose tissue in this connexion, 


it is suggested that these anomalies might be explained if part of the glucose — 


ingested had been converted into stored fat instead of being oxidized, but such 
a surmise can only be substantiated by further independent evidence. 


We are greatly indebted to D. J. C, Cunningham for his help in estimating blood lactate and 


for taking many of the blood samples, and to D. G. Craig and J. B. L. Gee who volunteered to act 


as subjects in these long experiments. Our thanks are also due to T. J. Meadows and P. J. Phipps 
for technical assistance. 
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APPENDIX 


“Subject Crate. “Walk of 10 miles at 4 m.p.h. 50 g. taken in divided dons of 10, 


the commencement of each 2 miles of the walk. 


Respiratory exchange 
ml./min. 

28. x. 49 CO, 0; 
Rest before walk — 223 272 
After 2 mile walk 1305 1500 
After 4 mile walk 1227 1453 
After 6 mile walk 1295 1498 
After 8 mile walk 1273 1498 
After 10 mile walk 1243 1441 
Rest $ hr. after walk 223 282 
Rest 1 hr. after 227 285 
Rest 1} hr. after walk 224 285 

10, xi. 49: 

Rest before walk 225 

After 2 mile walk 1226 1411 
After 4 mile walk 1280 1463 
After 6 mile walk 1326 1525 
After 8 mile walk 1257 1444 
After 10 mile walk * 1246 1415 
Rest } hr. after walk 214 

Rest 1 hr. after walk 219 * 
Rest 1} hr. after walk 

30. xi, 49: 

Rest before walk 228 276 
After 2 mile walk 1285 1489 
After 4 mile walk 1300 1508 
After 6 mile walk 1286 1500 
After 8 mile walk 1235 1430 
After 10 mile walk 1285 1523 
Rest $ hr. after walk 236 291 
Rest 1 hr. after walk 222 276 
Rest 1} hr. after walk 223 283 


Physiology, 06 Oxford: Clarendon 
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THE ROLE OF HYPOGLYCAEMIA AND OF ADRENALINE 
IN THE RESPONSE OF THE ADRENAL CORTEX 
TO INSULIN 


By MARTHE VOGT | 
From the Department of Pharmacology, University of Edinburgh 
(Received 29 November 1950) 


In a previous paper (Vogt, 1947), comparison was made of the response of the 
normal and the denervated adrenal gland of the rat to injections of insulin. 
By histological means it was possible to follow simultaneously the lipids in the 
cortex and the chromaffine material in the medulla, both of which are reduced 
by the action of insulin. Loss in adrenocortical lipids is considered an index of 
accelerated cortical secretion. This loss was studied in denervated adrenals in 
order to discover whether, in the normal gland, it was exclusively brought 
about by the simultaneous release of adrenaline. (The term adrenaline is used 
in this paper for the total secretion of sympathomimetic amines from the 
medulla, irrespective of what percentage of noradrenaline it may contain.) 

The experiments showed that insulin caused loss of cortical lipids in animals 
with bilaterally denervated adrenals, that is, under conditions where the 
secretion of adrenaline could not be responsible. Since, however, the histological 
method did not lend itself to quantitative study, the question remained open 
whether the share of the adrenaline in the cortical response of the normal rat 
was large or small. It was also left undecided whether the insulin itself or the 
hypoglycaemia was responsible for the cortical response of the denervated 
gland. The object of the present paper is to answer these points. Four types of 
experiments were performed for the purpose. 

(1) Comparison of adreno-cortical response to insulin of rats with normal 
and bilaterally denervated adrenals, using the depletion of ascorbic acid in the 
adrenal as an index of cortical activity (Sayers, Sayers, Liang & Long, 1945, 
1946). 


(2) Similar comparison of the response of rats with normal and totally 
demedullated adrenals. 


(3) Experiments as under (1) and (2), the hypoglycaemic effect of insulin, 
however, being prevented. 


AG 
> 
‘Ss 
3 
va 
4 
q 
¥ 
4 
a 
4 
‘ty 
<A 


NE 


ADRENAL CORTEX AND INSULIN 223 


(4) Direct estimation of the rate of secretion of cortical hormones in 
anaesthetized, splanchnotomized dogs made hypo- or hyper-glycaemic. 


METHODS 
‘Rats 


The experiments were carried out on adult male Wistar rats, most of which weighed about 200 g. 
when the experiment started. 83 normal rats were used, 38 with denervated, and 68 with demedul- 
lated adrenals. The denervation of the adrenals was always carried out bilaterally under ether 
anaesthesia as described elsewhere (Vogt, 1945), and the animals were used between 22 and 30 
days after denervation. For the demedullation, the rats were anaesthetized with ether and the 
skin of the back incised in the midline. The left adrenal was lifted gently through a small incision 
in the lumbar musculature by gripping the fat and connective tissue around it in a pair of small 
forceps. The adrenal was cut in two longitudinally with a pair of scissors, and each half of the gland 
enucleated, leaving behind only microscopic fragments of the cortex. The right adrenal was removed 
completely. During the first post-operative week, the rats were offered saline to drink and kept 
at 22°C. After that they were given water and exposed to the usual fluctuations of ‘room tempera- 
ture’. There was a mortality of 5% of animals which failed to regenerate enough adrenal tissue 
to survive. 

Between 34 and 60 days were allowed for adrenal regeneration. During the second month after 
the operation, regeneration still proceeded although slowly. It is, therefore, desirable to use test 
and control animals after approximately the same interval. Reports in the literature (Greep & 
Deane, 1949; Gordon, 1950) dealing with bilaterally demedullated rats state that the adrenal 
ascorbic acid level is normal from the 32nd postoperative day onwards. This does not appear to 
hold for animals treated as described above and in which regeneration is allowed to proceed in one 
gland only. 
acid extracts of freshly excised adrenal glands. 

- Insulin (Burroughs Wellcome) was injected subcutaneously after an overnight fast. After 
varying time intervals the rats were killed by a blow on the head, samples of heart blood taken 


immediately when blood sugar estimations were required, and the adrenal(s) removed. The rats 


in which hypoglycaemia was to be avoided were in the early experiments given subcutaneous 
glucose injections shortly before the insulin. Later this procedure was abandoned and instead the 
rats, which had not been fasted, were as with concentrated ehetees eetipan from which they 
could drink ad lib. 

All doses referred to were per 100 g. ete whether this fact is explicitly stated or not. 


| Dogs 

The technique for collecting adrenal venous blood and assaying cortical hormones in the plasma 
has been described earlier (Vogt, 1943). All experiments were performed under chloralose or 
urethane-chloralose anaesthesia (per kg. body weight 1-5 ml. of a solution containing 33 % urethane, 
33% chloralose and 0-9% NaCl) after induction with ether. The splanchnic nerves were cut on 
both sides immediately after the laparotomy. The evisceration was carried out in the usual manner, 
and was followed by the ligation of all accessible hepatic veins; where the hepatic vein draining a 
liver lobe was embedded in liver tissue, the whole lobe was tied off. Glucose infusions were made 
ino a femoral vein. When it was intended to restore hypoglycaemic blood levels to normal, a rapid 
infusion of isotonic glucose was given which provided the animal with 75 mg. glucose/kg. body 
weight. This was immediately followed by a slow constant infusion of 5 mg./kg./min., a quantity 
which maintained approximately normal levels of blood sugar throughout the experiment. The 
blood sugar estimations were carried, out according to the method of Hagedorn & Jensen (1923). 
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294 MARTHE VOGT 
RESULTS 
Effect of adrenal denervation 
The adrenal ascorbic acid was estimated in normal and in operated animals 


after a fast, after a dose of 0-4 i.u. insulin, and after the same amount of insulin 
preceded by an injection of glucose (0-5 g. as 10% solution). 


TaBLE 1. Adrenal ascorbic acid (mg./100 g. fresh adrenal) in adult male rats with normal 
and denervated adrenals (mean and standard error). 


Adrenals 
Normal Denervated 
No.of Ascorbic No.of Ascorbic 

Fed, not handled 6 509 + 15-6 — —_ 
Fasted (16 hr.) 9 428 + 23-7 12 419+ 16-0 

saline injected 6 422 +22:2 
Fasted, 0-4 i.u. insulin 9 167+19°5 13 191+ 16-6 
Fasted, 0-4 i.u. insulin and 0-5 g. glucose 4 282 + 23-8 5 270+17-2 


Doses per 100 g. body weight. 3 


Normal 

400 4 Adrenal denervated - 
300 

200 

100 ee 


9 12 9 13 4.3 


mg. ascorbic acid/100 g. fresh adrenal. The number of rats used is marked at the foot of each 
column. Columns 1 and 2: ascorbic acid after a 16 hr. fast; 3 and 4: ascorbic acid 3 hr. after 
0-4 i.u. insulin; 5 and 6: ascorbic acid 3 hr. after 0-4 iu. insulin and 0-5 g. glucose sub- 
cutaneously. All doses per 100 g. body weight. 


Comparison of the responses was made easy by the fact that the initial — 
ascorbic acid content of the glands was not appreciably affected by the opera- 
tion. Table 1 and wins 1, in which the columns represent the concentrations of 
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ascorbic acid, illustrate the striking similarity between the responses of the two 
groups of animals. Both showed large depletion when insulin alone was given 


‘and a smaller fall when glucose, in a dose which brings the blood sugar of the 


normal rats back to 67% of the normal, was injected as well. None the less, 
this does not mean that the responses were, in fact, comparable, because the 
conditions were not. The operated rats reacted to the insulin with severe 
hypoglycaemic coma, whereas the controls manifested no more than the 


‘slightest loss of muscular tone. The adrenaline which the normal rats were able 


to release prevented a dangerous fall in blood sugar, and for them, therefore, 
the insulin was not as serious a stress as for the operated rats. Thus it was 
hardly warranted to conclude that the adrenaline normally plays no part in the 
response of the cortex, and a more detailed analysis, particularly regarding the 
speed of the reaction in animals with and without adrenal nerves, was desirable. 
This was carried out on demedullated rather than on denervated adrenals, in 
order to counter the possible objection that a few nerve fibres might have 


: Effect of adrenal demedullation ; 

Regeneration of glandular tissue. During the first 5 weeks following removal 
of one adrenal-and demedullation of the other, most animals regenerate adrenal 
tissue amounting to a little less than one normal gland, and thus have only 
about half the normal quantity of cortical tissue available. In the next few 


_ weeks the adrenal continues to grow slowly, but does not always reach the 


size of two normal glands, even if allowance is made for the absence of medullary 
tissue. The ascorbic acid content of glands which have been allowed 5 weeks for 
regeneration is about 16% less than that of normal resting glands and tends to 
rise as the interval allowed increases. With such a shifting baseline ascorbic acid 
depletion after stress is best expressed as percentage of the figure for a group of 
‘resting’ glands of precisely the same history. That calculation also avoids 


- comparison of figures in which the ascorbic acid is expressed per gram of total 


adrenal (normal rats) with figures in which it is expressed per gram of cortical 
tissue (demedullated rats). | 

Response to insulin. When calculating the percentage depletion due to insulin, 
it is necessary to decide what constitutes a ‘resting’ gland. Ideally, the effect 
of insulin on normal or demedullated (fasting) rats should be compared with 
controls from both groups subjected to fasting and saline injection. Certain 
difficulties arise, however, because demedullated rats suffer appreciable hypo- 
glycaemia as a result of fasting. As will be shown later, this means that, at the 
time of injecting the insulin, the level of ascorbic acid is lower than in normal 
rats. Owing to the fact that, however serious a stress, the fall in ascorbic acid 
does not go below a certain concentration, unequally depleted glands do not 
give the same response to equal stress stimuli. Thus, in order to start, from 
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comparable states of the adrenals, a ‘resting’ gland was considered to be that 
of a saline-injected, fed rat. Hence, the depletion caused by various treatments 

was expressed as a percentage of the adrenal ascorbic acid concentration of 
groups of fed rats injected with saline. 


mg. % 101 90 77 4% 45 50 130 


J 


Fig. 2. Adrenal ascorbic acid of adult male rate with normal and demedullated adrenals. Ordinate: 
adrenal ascorbic acid as percentage of the figure for controls which were fed and injected 
_ subcutaneously with saline. The number of rats used is entered at the foot of each column. 
The figures above the columns represent the mean blood sugar of each group in mg./100 ml. 
Columns 1 and 2: controls, fed, injected with NaCl; 3 and 4: rate after a 16 hr. fast; 5 and 6: 
"rate fasted, 3 hr. after 0-2 i.u. insulin; 7 and 8: rats fasted, 1 hr. after 0-2 i.u. insulin; 9 and — 
10: rats fasted, 3 hr. after 0-1 i.u. insulin; 11 and 12: rats fed, 3 hr. after 0-1 i.u. insulin. 


The first observation, then (Fig. 2 and Table 2), is the high sensitivity of 
the adrenal ascorbic acid of demedullated rats to fasting. The blood sugar is 
only about 14% lower than that of the normal fasting rat, yet this mild hypo- — 
glycaemia is sufficient, without release of adrenaline, to cause a considerable 
cortical response. The same observation may be found in a recent paper by 
Gordon (1950) who estimated adrenal ascorbic acid in demedullated rats. On 
this response to fasting the action of insulin is superimposed. 

Two doses of insulin were given (0-2 and 0-1 i.u.) and some animals killed 
after a long (3 hr.) and some after a short (1 hr.) interval. In all insulin treated 
groups of demedullated rats, the ascorbic acid depletion was of the same order 
and not much greater than the depletion caused by fast alone. None the less, 
these, depletions may represent maximal responses, as the concentrations 
recorded in Table 2 suggest. Since the medulla contains very little ascorbic 
acid, the figure of 235 mg. per 100 g. cortex, for instance (after 0-1 i.u. insulin), 


» 
“f 
= 
on 
a ormal 
4 
: 
i 
| 
» 
; 
20 
| 
| 
| 
| 
4 
? 
ve 
4 
i 
be 


YULIP 04 esoon 1-0 ‘Pea 8 
LOI g 8-83 FSLZ 3 LE-0 “n't 1-0 L 
06 L 3-93 F 08Z “power 9 
PII 9 6-22 F "108 se ovoonss “3 “poywey 
69 L esoon]s ou “n't Z-0 
(‘Tar 9481 o1qioosy ‘ou 
jo ‘ON 
poofq 
*(90-0> dq) ore ssoio Ty 4 
40-98 66 6 F LOE OLEFESH 1098] “IG ‘poysegq 9g 
41-69 oF oF oF FLZZ 1098] “IY POPPA “UyMsur = F 
GUILT, 


91484 OY} 0 axe “Bur g wey} steuarpe oy} UI "(40.119 


OF 
aa 
‘a 
on 
Fs 
4 
4 
‘a 
4 
15 2 4 


298 MARTHE VOGT 


would correspond to a figure of 235 mg. per 125 to 150 g. total gland. This is about 
as low as .scorbic acid ever falls in normal rats in this type of experiment. 

The lowest figure observed in the demedullated glands was a depletion to 
61% of the initial value. The greater percentage depletion found in normal 
glands ought not, however, to be interpreted as a greater response to stress of 
the normal gland but as a consequence of the lower initial valuei in the regenerated 
demedullated gland. 

In the normal controls, killed after 3 hr., the effect of different doses was 
reflected in the response, both ascorbic acid and blood sugar showing recovery 
after injection of the smaller dose (Fig. 2). No such recovery was seen in the 
demedullated rats; their clinical signs, too, were severe whether the dose was 
large or small. There was no indication that in demedullated rats the cortical 
response developed more slowly than in normals. This, however, may have been 
because the main fall in ascorbic acid took place overnight during the hours of 
fasting, and the insulin contributed but little to the total depletion. 

The experiments also give us some information on the role played by the 
cortex in counteracting hypoglycaemia under conditions where no adrenaline 
is available for this purpose. Since an overnight fast does not produce hypo- 
glycaemia in rats after adrenal denervation, but does so after adrenal demedul- 
lation, the fall in blood sugar cannot merely. be attributed to the deprivation 
of adrenaline, but to the combined effect of lack of adrenaline and reduction 
in size of the adrenal cortex which, in most of these animals, amounted to 
nearly one-half. The demedullated rats also tolerated insulin less well and 
developed coma with half the dose producing coma in the rats having under- 
gone denervation only. In a few demedullated rats regeneration was poor and 
produced glands weighing only 2-3 mg. (about one-tenth of the normal size). 
In these rats, even the smallést dose of insulin (0-1 iu.) was not tolerated, and 
the animals died 3 in hypoglycaemic coma. 


Combined administration of insulin and 


The expetiiamnite represented in the last column of Fig. 2 were carried out 
in order to see whether, in the demedullated rat, hypoglycaemia was the sole 
factor responsible for the effect of insulin on cortical secretion. In the normal 
animal, Gershberg & Long (1948), by giving glucose, succeeded in preventing 
ascorbic acid depletion 1 hr.'after 0-1 i.u. insulin/100 g. In the experiments of 
the first section of this paper, partial inhibition of ascorbic acid depletion was 
obtained in normal and in denervated adrenals by injecting subcutaneously 4 
quantity of glucose sufficient to diminish, but not to abolish, the hypoglycaemia 
resulting from 0-4 iu. insulin. As the volume of glucose solution required to 
_ prevent any degree of hypoglycaemia would have been usimanageably large 
for injection, attempts were made to determine the dose of glucose necessary 
to prevent the hypoglycaemic effect of smaller doses of insulin. The results 
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with normal rats are shown in Table 3. 0-5 g. glucose proved sometimes 
(Exp. 3), but not always (Exp. 4) sufficient to prevent a fall in blood sugar 3 hr. 
after the injection of 02 i.u. insulin. Adrenal ascorbic acid levels were higher 
than without glucose, particularly in Exp. 3, but far from normal. Since it 
seemed impracticable to inject larger volumes of fluid, the amount of glucose 
administered was raised by using 15 % instead of 10% solutions. This effectively 
prevented any hypoglycaemia (Exp. 5), but the ascorbic acid was lower than 
ever, and it. was quite obvious that these procedures produced emotional and 
other disturbances in the rat which caused a greater degree of ‘stress’ than the 
hypoglycaemia. Not much was gained by reducing the amount of insulin and 
the concentration of glucose to one-half (see Exps. 6 and 7). Injections were 
therefore abandoned, and the procedure adopted of not fasting the rats and 
also supplying them, as soon as the insulin had been injected, with concentrated 
glucose solution to drink. In this way it was possible to obtain (Exp. 8), in 
spite of injecting insulin, ascorbic acid values similar to those of control rats 
given an injection of saline (Exp. 1). | 
Thus, in the normal rat, after these precautions, the only remaining effect 
of the insulin injection was that due to the emotional stimulus of a subcutaneous 
injection. When precisely the same experiment was carried out on demedul- 
lated rats (last column of Fig. 2, see also Table 2), a small, but significant, 
additional ascorbic acid depletion was observed. The mean blood sugar of these 
rats was lower and more variable than that of normal rats subjected to the 
same treatment. It is thus likely that the slight depression in the ascorbic acid 
level was a result of fluctuations in the blood sugar occurring, in spite of the 
intake of food and glucose, when insulin is given to rats with demedullated 
adrenals. 


3 Hypoglycaemia in the eviscerated dog 

Since the early work of Poll (1925), all the information available on the action 
of insulin and hypoglycaemia on the adrenal cortex has been obtained on rodents. 
In view of that fact, it appeared desirable to try and confirm in the dog the 
main tesult of the present work, namely that the effect of insulin on the adrenal 
cortex is produced by hypoglycaemia, and that the hypoglycaemia causes an 
accelerated production of cortical hormone whether or no adrenaline is released 
simultaneously. 

In the dog, direct estimation of the rate of cortical secretion can be carried 
out by hormone assay in adrenal venous blood; this distinct advantage over 
the indirect method of ascorbic acid determinations, however, is outweighed by 
the fact that anaesthesia and operative procedures produce an abnormal 
baseline for the effects to be investigated. 

It was shown elsewhere (Vogt, 1951), that the rate of cortical secretion of the 
isolated, perfused adrenal of the dog is not affected by either hypo- or hyper- 
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glycaemia. Thus any alteration in cortical activity by varying blood sugar 
levels is effected through stimulation or inhibition of the pituitary. 

The first. problem was to find a way of producing hypoglycaemia in the dog 
in an acute experiment without the use of insulin. This was done by cutting the 
splanchnic nerves as soon as the animal was anaesthetized and carrying out an 
evisceration which included ligation of all hepatic veins. If the hepatic veins 
were left patent, no hypoglycaemia ensued even if an interval of 3 hr. was 
allowed between evisceration and collection of the first blood sample. Obviously 
sugar was diffusing from the anoxic liver into the general circulation, a 
phenomenon observed in cats 25 years ago by Best, Dale, Hoet & Marks (1926). 


TaBLE 4. Effect of glucose infusions on rate of cortical hormone secretion 
in the hypoglycaemic (eviscératéd) dog. | 


‘Blood glucose (mg./100 ml.) 
"Before During Rateofcortical _ 
Exp. no. infusion infusion hormone secretion* Comments 

1 49 145 Increased Blood pressure low. No cortical 

ee hormone in adrenal plasma 
2 67 162 ‘Un 
3 75 175 Unchanged 
4 79 129 - Unchanged 
5 56 104 Unchanged 
6 47 130 Unchanged 


4 A first sample of adrenal plasma was tested 5-18 min., and » second sample 22-46 min. after 
restoration of the blood glucose to normal, and these samples were compared with plasma taken 
during the hypoglycaemia. 


- Table 4 records the results of these experiments. The restoration to sania 
or slightly above normal, of low or very low blood sugars had no effect on the 
rate of cortical secretion, and certainly did not, as one might have expected, 
diminish it. In Exp. 1 of the table there was, in fact, a rise in hormone output 
when the blood sugar was raised. In this animal the blood pressure was very 
low throughout the experiment and the simplest explanation of this isolated 
result is to assume that the combined effects of low blood pressure and low 
blood sugar had so depressed the activity of either the pituitary or the adrenal 
that a supply of glucose restored the failing glandular activity. That explana- 
tion is supported by the observation that this was the only experiment in 
which the first sample of adrenal venous blood did not contain a detectable 
quantity of cortical hormone. 

_ Ina few experiments, glucose infusions were made at a time when the blood 
sugar had not yet fallen to a hypoglycaemic level, and adrenal secretion tested 
at different intervals after the blood glucose had been raised to a concentration 
ranging between 180 and 262 mg./100 ml. Occasionally an acceleration of 


cortical secretion resulted from the ern but the “——o were 
neither sustained nor consistent. 
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DISCUSSION 


Adrenal denervation in rats abolishes neither the ascorbic acid depletion nor 
the loss of sudanophilic material caused by insulin in the adrenal cortex. Since 
both these responses of the adrenal are assumed to be due to a release of adreno- 
corticotrophic hormone (4.¢.T.H.) from the anterior pituitary, it follows that 
insulin can release a.c.T.H. by means other than stimulating secretion of 
adrenaline. | 

A number of experiments were designed in order to decide whether hypo- 
glycaemia was the cause of this release of a.c.t.H. In the denervated adrenal, 
ascorbic acid depletion by insulin was less when the hypoglycaemia had been 
partly checked by injecting glucose. : 

Attempts were then made completely to avoid insulin hypoglycaemia in rats 


_ with demedullated adrenals. Like rats with denervated adrenals, these animals 


react to insulin by exhibiting ascorbic acid depletion, as was recently also 

shown by Gordon (1950). By providing them with food and glucose at the time 

of injecting the insulin, this depletion can be very much reduced, though not 

entirely abolished. It is probable that, in these animals, which have no 

spite of feeding, when insulin is injected. This hypoglycaemia may cause the 

small residual ascorbic acid depletion. The protection afforded by glucose fully 
confirms the observation by Gershberg & Long (1948) of the effect of glucose 

on the adrenal cortex of normal rats given insulin. The results on the denervated 

or demedullated adrenals are, however, not compatible with the conclusion ~ 
reached by these two workers, namely that it is only the liberation of adrenaline 
and not the fall in blood glucose which determines the release of .c.T.H. by 
insulin. This point has also been contested by Gordon (1950) in his work on 
demedullated rats subjected to stress. 

The low insulin tolerance of rats in which regeneration of the demedullated 
adrenals was incomplete, and the comparison of the susceptibility to insulin 
after denervation and after demedullation show a direct dependence of the insulin 
tolerance on the amount of adrenal cortex present. In fact, blood sugar 
determinations made after a small dose of insulin might be used to measure the 
amount of regenerated tissue present at different intervals after demedullation. 
The ascorbic acid content of such poorly regenerated glands is always low, and 
much lower than any values encountered even in ‘stressed’ larger glands. 
These facts suggest great caution in the interpretation of results obtained on 
transplanted adrenals. Langley (1950), for example, found that the trans- 
plantation of adrenals prevented the accumulation of liver glycogen which 
occurs in normal rats exposed to low O, tension and which is produced by an 
increased secretion of cortical hormone. The conclusion drawn was that the 
lack of cortical response was the result of having, by the transplantation, 


or 
ar 
‘ 
ans 
a | 
or 
n 
, 


232 MARTHE VOGT 


denervated the adrenals. Their results may also be interpreted as a lack of 
response due to a reduced total quantity of cortical tissue, which would already 
be working to full capacity before the stress was applied. 

The experiments on the eviscerated dog did not show any dependence of the 
rate of cortical secretion on the blood sugar level. The restoration of a normal 
blood sugar after a prolonged period of hypoglycaemia did not slow down 


cortical activity, as might have been expected from the accelerating effect of 


hypoglycaemia in the conscious rat. The rate of release of A.c.T.H. and, there- 
fore, of cortical secretion, under conditions of operative stress, is known to be 
far above normal, and it is quite possible that the further stress of hypo- 
glycaemia does not alter that speed at all, or not sufficiently to cause changes 
which the crude method of assay at present available will detect. This explana- 
tion of the negative findings is as likely to be correct as one which attributes 
the lack of pituitary response in the dog either to peculiarities of the canine 
species or to the absence of the liver. The present state of our knowledge does 
not permit a correlation between the functions of the liver and the pituitary 
response to hypoglycaemia, since the way in which the activity of the pituitary 
is stimulated is not at all understood. If utilization of cortical hormones by 
tissues is involved (Sayers & Sayers, 1947), it is possible that the removal of a 
large metabolic organ has indeed a decisive influence. | 
In normal animals, the following picture emerges of the role played by the 
adrenal gland in response to injected insulin. The contribution made by the 
“cortex in counteracting insulin hypoglycaemia can be shown in the absence 
of the medulla. It is probably effected through conversion of protein into 
carbohydrate rather than mobilization of glycogen (Engel, 1949; Bondy, 1950). 
The contribution of the medulla is complex. By its action on glycogen 
breakdown, the adrenaline is indispensable for the prevention of prolonged 
severe hypoglycaemia. It is a contributing but not an essential factor for the 
release of .c.T.H. from the pituitary. 


SUMMARY 


1. Rats in which both adrenals have been denervated show the same fall 
in adrenal ascorbic acid level after an injection of insulin as do normal rats, 
though in the former the hypoglycaemia is much more pronounced. 

2. Unilaterally adrenalectomized rats in which the remaining adrenal has 
been demedullated, have, even 34-60 days after the operation, less cortical 
tissue than normal rats. These animals develop mild hypoglycaemia during 
a 16 hr. fast and their adrenals show a greater percentage depletion of ascorbic 
acid, at that time, than is found in normal fasted rats. Further and probably 
maximal depletion ensues when these demedullated rats are given insulin. This 
shows that release of a.c.1.H. follows an injection of insulin in the complete 
absence of adrenal medullary tissue. 
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3. By injecting glucose immediately before giving insulin, it is possible, in 
rats with normal and denervated adrenals, to reduce the ascorbic acid depletion 
due to insulin alone. As however the concentration and volume of the glucose 
solution injected into normal rats are increased, the protection afforded is 
diminished as a result of the disturbance caused to the animals. The effect of an 
injection of insulin on adrenal ascorbic acid level can however be completely 
prevented by omitting the fast and offering the rats a glucose solution to drink. 

4, The same procedure will greatly reduce, though not completely abolish, 
the ascorbic acid depletion in the demedullated rat. The difference in the — 
response from that of the normal rat is best explained by assuming that, in 
the operated rat, feeding does not entirely prevent small fluctuations in the 
blood sugar when insulin has been injected. 

5. The conclusion regarding the release of a.c.t.H. by insulin is that, in the 
rat without adrenal medulla, it is due to the hypoglycaemia alone, and, in the 
normal rat, to the combined effect of adrenaline and (a much milder) hypo- 
glycaemia. 

6. Under the conditions of operative stress and anaesthesia required for 
collecting adrenal venous blood in the eviscerated dog, a release of A.c.T.H. as 
a result of hypoglycaemia cannot be demonstrated. 


Grateful acknowledgement is made of a grant from the Medical Research Council which defrayed 


_ part of the expenses of this work. 
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THE TURGIDITY OF GIANT AXONS 


By B. G. CRAGG 


From the Laboratory of the Marine Biological Association, Plymouth,<and — 
the Neuropsychiatric Research Centre, Whitchurch Hospital, Cardiff 


(Received 6 December 1950) 


This paper describes an objective method of recording changes in the turgidity 
_ of biological structures, which has been applied to large axons dissected from 
cephalopods. Flaig (1947) reported that stimulation appeared to increase the 
turgidity of turgid specimens of axons from Loligo peal, but the method of 
observation was subjective: the axons were rolled between the fingers. This 
author also found that stimulation caused a slight tremor and dilatation in 
the axon, and delayed the extrusion of axoplasm from a cut end in sea water. 
Smitten (1946) observed a gelation in neurones of the interauricular septum 
of the frog-heart when these were stimulated, and reviewed similar earlier 
work most of which depended on micromanipulation to assess the turgidity. 
The method here described is analogous to that used by Buchthal, Kaiser & 
Knappeis (1944) to investigate the ‘viscosity’ of muscle fibres during contrac- 
tion. It is found that although the turgidity of giant axons is not usually 
affected by stimulation, in some cases characteristic changes do occur. 


METHOD 


Dissection. Large axons from the hindmost stellar nerves were dissected from Loligo forbesi or 
_ Sepia officinalis, usually in sea water collected with the animals, though some Loligo had been in 

the internal sea water at the Plymouth laboratory and were dissected in this. The axons used 
ranged in diameter from 100 to 800. and varied considerably in turgidity when dissected. The 
animals varied in condition from very active to moribund. A few were given an anaesthetic of 
1% urethane in sea water before dissection, and in a few experiments novocaine was applied to 
the ends of the nerves before ligaturing and cutting. These procedures, however, did not appear to 
affect the turgidity of the axons. 

Apparatus. A small oscillating force was applied to a balanced glass prod resting, initially 
without pressure, on the axon in such a way that the resistance to distortion by the axon was the 
major factor limiting the prod’s movement. The latter was recorded, using either an ink-writer 
or an oscilloscope and camera, by amplifying voltage pulses from a photo-cell which became 
illuminated at the limit of the prod’s movement. As the oscillating force causing movement was 
of constant amplitude a decrease in the movement of the prod indicated an increase in the resistance 
of the axon and vice versa. To detect a dilatation, the oscillator was turned off and the micrometer 
set in the most sensitive position to record any movement of the prod. The apparatus is sketched 
in Fig. 1. 
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. Water circulated through the Perspex trough A to control the temperatures of the trough B in 
the range 10-18° C. This was measured by the thermocouple M. The axon lay in sea water in the 
waxed Perspex trough B with its ends raised up in the air over the pairs of silver wire electrodes 
N and P. The glass prod D was moved by the magnetic force between the attached piece of soft iron 
Eand the pole pieces @ of the electromagnet F. The micrometer movement K was adjusted so that, 
at the limit of the downward movement of the prod, the screen L allowed light to pass from the 
lamp H to the photocell J. In some experiments the longitudinal extension modulus was deter- 
mined by hanging the axon in ligatures between the hooks at Q and EZ. The whole transducer was 
mounted in a light-excluding box on paving stones supported by sorbo rubber blocks to reduce 


Qs. 


di) 
Ke : 


Fig. 1. Plan and elevation of transducer. A and B, Perspex troughs; C, axon; D, glass prod; 
E, soft iron; F, electromagnet with G, pole pieces; H and J, lamp and photo-cell; K micro- 
meter; L, black screen; M, thermocouple; N and P, stimulating and pick-up electrodes; 
Q, hook of second micrometer. 


interference from external vibration. The current in the electromagnet was obtained from a phase- 
shift oscillator covering the range 1-50 cyc./sec. Stimulation consisted of pulses at 10-500/sec. 
(sometimes pulses of alternate polarity were used so that a turgidity change could not be attributed 
to a net current flow) and was recorded on a second channel of the ink-writer or oscilloscope. 
The period of stimulation used was 1-10 sec. A second oscilloscope was connected to the electrodes 
P to display the action potentials. The photo-cell was connected to the recording device through 
an amplifier which was either direct coupled, or used with a time constant of 10 sec. (for some of 
the dilatation experiments) or 1 sec. (for the experiments using the mechanical vibration.) 

' Experiment. The axon in the trough B was set under the prod in the field of a dissecting micro- 
scope. An amplitude of movement of the prod of between 1 and 100. was used. With the micro- 
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meter K in the best setting, a movement of 0-1. produced a deflexion several times larger than the 


noise level. The monitoring oscilloscope was used to ensure that the axon was not stimulated by 


the mechanical vibration at the amplitude and frequency used. 


‘RESULTS 
Lateral turgidity 


The great majority of records—20 stimulations of 10 Sepia axons and 96. 


stimulations of 21 Loligo axons—showed no alteration of turgidity. These 
records were obtained in the range of conditions mentioned under ‘Method’ 
(temperature, stimulation, vibration, etc.). Typical ones are reproduced in 
Fig. 2. Each upward pulse in these records represents a downward movement 
of the prod on the nerve. The stimulation is indicated on the lower channel. 


A. Displacement 


Force 
Stimulation 
B. Displacement 


: 


Stimulation 
Fig. 2. Turgidity unchanged by stimulation. A. Sepia axon, of 100y. diameter and average 
turgidity, at 17° C. in sea water. Stimulation: 50 pulses/sec. of alternate polarity; amplitude 
of vibration 10. approx. The animal was in good condition and had been given 1% urethane 
in sea water. B. Loligo axon of 700. diameter and average turgidity, at 12° C. in sea water. 
Stimulation: 100 pulses/sec. of same polarity ; amplitude of vibration 10. approx. The animal 
was in fairly active condition, but had not been anaesthetized. 


The records of this kind which are free from external vibrational interference 
show no change of amplitude greater than about 1°, of the total movement of 
the prod. When a small load was applied to the prod it was found to depress 
the axon about 5y./dyne with wide variations. _ 

In a few records—4 stimulations of 3 Sepia axons and 5 stimulations of 
2 Loligo axons—the amplitude of movement of the prod showed a statistically 
significant decrease during the stimulation of the axon, indicating an increased 
turgidity. (Student’s ¢ test was applied to groups of waves before and during 
stimulation, and when the probability of obtaining so large a change from the 
same population was less than 0-05 the change was counted as significant. ) 
The time course of the effect was similar in all cases though the extent varied, 
and the records reproduced in Fig. 3 show the effect in its most marked form. 
In record A of this figure the second channel displays a voltage proportional 
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described above, but of different time course, developing after about 0-5 sec. 
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to the current through the magnet to check the constancy of the oscillator. 
The heights of successive waves of the first two channels were measured after- 
wards with a travelling microscope and it was found that while the average 
height of the second channel waves (current in magnet) had increased by 8%, 
(last 10 waves before stimulation and first 10 during stimulation), the average 
amplitude of the first channel waves (movement of prod) had decreased by 
21% in the same period. As the photo-cell only became illuminated during 
the last half of the prod’s movement (in this record), this implies a reduced 


movement of the prod of about 10% over 10 waves lasting 4 sec. The smallest 


displacement wave during stimulation occurred 2 sec. after the beginning and 


Force. 


Stimulation 


B. Displacement 


Stimulation 


Fig. 3. Turgidity increases with stimulation. A. Sepia axon, of 100yu. diameter and fairly high 
_ turgidity, at 16° C, in sea water. Stimulation: 50 pulses/sec. of alternate polarity; amplitude 
of vibration 10u. approx. The animal was in excellent condition and had been given 1% 
urethane in sea water. B. Loligo axon, of 500y. diameter and average turgidity, at 15-4 C. 
' in sea water. Stimulation; 100 pulses/sec. of the same polarity; amplitude of vibration 10. 

_ approx, The animal was in moderately active condition and was not anaesthetized. 


_ was only about 70% of the pre-stimudation average. It should be noted that 


there is a delay of about 1 sec. before the effect becomes noticeable, and that 
it passes off after about 6.sec. and before the end of stimulation, This is typical 
of the records showing an increased turgidity. Other records showing this 
effect occurred with axons in sea water when high rates of stimulation were 
used, and a low frequency of measuring vibration of sufficient amplitude to 
test the properties of the axoplasm, though all these variables were within the 
range described above in which negative results were also obtained, and no 
specific factor determining the result has been found. However, an axon which 
increased in turgidity in one stimulation would do so again when stimulated 
10 sec. later. ‘ | 

With one single Loligo axon two successive stimulations caused a decrease of 
turgidity as shown in Fig. 4. This effect is of comparable magnitude to that 
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and not passing off until the end of stimulation. No unusual conditions were 
noticed in these sg res showing changes of turgidity. 


Lateral dilatation 


With the time constants used, a movement of the prod of about 0-1,.. in 
10 sec. or 1-0. in 1 min. could be detected. It is necessary to show that no 
detectable dilatation of the axon occurs on stimulation, as this would itself 
cause a change in the amplitude of the prod movement record in the lateral 
turgidity experiments. No such movement was found in 5 stimulations of 
2 Sepia axons or 27 stimulations of 8 Loligo axons for 10 sec., or in 2 Loligo 
axons stimulated for 1 min. each. The dilatation found by Hill (1950) is too 
small to be detected by this method. 


Displacement 


Stimulation 


Fig. 4. Turgidity decreases with stimulation: Loligo axon, of 600. diameter and less than average 
turgidity, at 15-4°C. in sea water. Stimulation: 100 pulses/sec. of same polarity; amplitude 
of vibration 10y. approx. The animal was in bad condition and was not anaesthetized. 


Longitudinal contraction 


- Three Loligo axons of about 3 cm. length were suspended in ligatures and 


stimulated on 8 occasions but no contraction greater than 0-1. in 10 sec. was 
detected. In view of Hill’s results (1950) the effect of stimulation would appear 
to depend on the tension on the axon, which in this case is small and uncertain. 


This ‘was found to have a value of about 0-3 mm./dyne in an axon of length 
3cm.-and diameter 500y., and appeared to be unchanged in the course of 
5 stimulations of 2 Loligo axons using a vibrational test similar to that 
described above: 
: Sectioning under sea water 

Some axons were cut under sea water and prompt extrusion of the axoplasm 
was seen as described by Flaig (1947) and by Hodgkin & Katz (1949). When the 
axons were stimulated there were considerable variations in the extent and 
time course of extrusion, which often took the form of a fairly compact cylinder 
of axoplasm, but stimulation seemed to delay extrusion from most of the 10 
axons used, in accordance with the observations of Flaig (1947). 
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DISCUSSION 


It seems possible that improvement of apparatus and selection of axons would 
lead to a smaller proportion of records showing unchanged turgidity. In three 
of the records classed as negative indications of an increased turgidity appeared 
during stimulation but were not statistically significant, owing to an increased 
variance caused. by extraneous vibration. Unfavourable conditions for the 
axon or excessive amplitude or frequency of the measuring vibration must 
lead to a negative result, since any damage would interfere with conduction 
in response to stimulation. Flaig (1947) reported that an increase of turgidity 


_ occurred in turgid axons, but did not say what proportion of axons showed this 


effect. Since both an increase and a decrease of turgidity can occur, there must 
be an undetermined biological variable as well. The internal fluid of cephalopods 
is somewhat different from sea water (Robertson, 1949) though Flaig (1947) 
found the increased turgidity in sea water. The osmotic pressure of the sea 
water bathing the nerve was not deliberately varied. The time course of the 
effect coincides roughly with the preliminary period of shrinkage found by 
Hill (1950), which is however too small to be detected with this apparatus and 
so could not be the direct cause of the change in the deflexion record of the prod. 
A possible mechanism for a sol-gel transformation is suggested by the observa- 
tion of Hodgkin & Katz (1949) that the calcium ion has a specific effect in 
dispersing extruded axoplasm. The same ion is believed to have a fairly specific 
acceleratory effect on the action of adenosinetriphosphatase (e.g. DuBois & 
Potter, 1943). A movement of the calcium ion during conduction or a change 
in the ATP/ATPase balance might produce the effect observed. 


SUMMARY 
1. A transducer designed to record changes in the turgidity of biological 


structures is described. 


2. It has been found that a small proportion of giant axons of Sepia and 
Loligo show characteristic changes of turgidity when stimulated. 

3. No dilatation or longitudinal contraction was detected in these axons on 
stimulation. 


The author is indebted to Dr D. Richter for suggesting the problem and for his continued 
interest, to Mr J. A. Reynolds for technical assistance, to the Director and Staff of the Marine 
Foundation for a personal grant. 
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ON THE TRANSMITTER RESPONSIBLE FOR ANTIDROMIC 
, VASODILATATION IN THE RABBIT’S EAR 


By PAMELA HOLTON* anp W. L. M. PERRY 


From the Physiological Laboratory, University of Cambridge, and the 
National Institwe for Medical Research, Mill Hill, London, N.W.7 


(Received 15 December 1950) 


Stimulation of the peripheral end of a cut sensory nerve results, in certain 
animals, in vasodilatation of the area of skin supplied by that nerve. This 
phenomenon was investigated by Bayliss (1901), who showed that it was due 
to impulses travelling towards the periphery along neurones belonging to the 
‘dorsal root system, and introduced the term antidromic vasodilatation to 
describe it. Since then it has been shown that antidromic vasodilatation can 
~ be obtained in man (Foerster, 1928), in the cat’s paw (Langley, 1923), and in 
the rabbit's ear (Feldberg, 1926). 


- The experiments of Lewis & Marvin (1926) suggested that iitidromts | 


_ vasodilatation was due to liberation of a chemical transmitter at the peripheral 
ends of the sensory nerves, but about the nature of the transmitter little is 
known. Histamine, acetylcholine and an unidentified vasodilator substance 
from posterior spinal roots have been suggested as possible transmitters, and 
our experiments were performed in order to find out which if any of these 


substances is responsible. Evidence is presented in this paper that the trans- | 


mitter is neither acetylcholine nor histamine but the possibility that it is the 
posterior root substance has not been excluded. © 

Kwiatkowski (1943) reviewed the evidence concerning acetylcholine and 
histamine and suggested that histamine was the transmitter. Evidence in 
favour of acetylcholine was put forward by Wybauw (1936, 1938b). Some 
earlier observations of Kibjakow (1931), however, suggested that the trans- 
mitter was neither acetylcholine, because it was stable in blood, nor histamine, 
since it caused vasodilatation in the rabbit's ear in conditions where histamine 
produces constriction. 

A third possibility which was first suggested by Dale (1935) i is that the trans- 
mitter is identical with the central synaptic transmitter at sensory nerve 
endings, since it seems unreasonable to suppose that the same neurone should 


* With a grant from the Medical Research Council. _ 


a 
id 
| 
¥ 
5 
BE. 


AIC 


AN TIDROMIC VASODILATATION 241 


i ati two different transmitters. According to this hypothesis, sensory 
neurones, but not motor neurones, would be expected to contain the trans-— 
mitter. Hellauer & Umrath (1948) produced some evidence in support of this; 
they found vasodilator activity in extracts of posterior but not of anterior 
spinal roots. The activity of the extracts was reduced by incubation, but 
inactivation did not occur in the presence of strychnine. They suggest that this . 
vasodilator substance is the central sensory transmitter; that strychnine 
inhibits its normal enzymic destruction; and that this is the explanation of 
strychnine convulsions. If this were so, we might expect strychnine to potentiate 
antidromic vasodilatation in analogy with the action of eserine on cholinergic 
nerve stimulation, provided that the enzyme is present at the peripheral ends 
of the neurone. 

We have approached the problem of antidromic vasodilatation by measuring 
the effects of specific antagonists and synergists of acetylcholine and histamine, 
and the effect of strychnine upon it. In addition, the effects of injected acetyl- 
choline and histamine on the vessels of the rabbit’s ear were examined. 

For the purpose of our experiments we needed a sensitive method by which 


antidromic vasodilatation could be obtained regularly and repeatedly and by 


which small changes in the degree of dilatation could be measured. Previous 
methods proved to be unsatisfactory. Thermal methods such as Wybauw - 
(1938) used have two disadvantages, namely the slow rate of response of the 
apparatus and the difficulty of maintaining an absolutely constant environ- 
mental temperature. We attempted to use the perfusion method of Gaddum & 
Kwiatkowski (1938) but were unable to obtain reproducible results; similar 
indecisive results were obtained using another perfusion technique suggested 
by Rischbieter (1913). . 

The classical method of observation of the changes in colour of the skin is 
the most satisfactory, but in its simple form the method is too subjective for 
quantitative work. We have modified this method by recording such changes 
with a photoelectric cell. 


METHODS 


The apparatus is illustrated in Fig. 1. A 100 W. projector bulb is used as the source of light, 
a parallel beam being obtained by the lens system: the beam is directed through a green filter 
(Wratten 58) and through the rabbit’s ear on to the photoelectric cell (Cinema Television Ltd., 
type V.A. 26T). The green filter is interposed so that the light transmitted by it is strongly 
absorbed by both haemoglobin and oxyhaemoglobin. The Perspex plates hold the ear in position 
without constriction. The photoelectric cell itself is especially sensitive in the wave-band trans- 
mitted by the filter, thus ensuring maximal contrast between vasoconstriction and vasodilatation. 
The current passed by the photoelectric cell is directly proportional to the intensity of light 
entering it. The voltage across a resistance in series with the cell is picked up by a cathode follower 
and applied to a mirror galvanometer. Records are made from the galvanometer on a moving 
paper camera, The resting current through the galvanometer can be balanced out, so that the 
records obtained reflect only changes in the current passed, and the sensitivity of the recording 

apparatus is thus greatly increased. 
PH. OXIV. | 16 
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The rabbits used were large albinos, The right external ear was sympathetically denervated by 
aseptic removal of the ipsilateral stellate and superior cervical ganglia at least 5 days before the 
experiment. The operation was carried out as described by Feldberg ce eee tone, 
and ethyl chloride followed by ether, as anaesthetics. 

Records were always made from the right ear of the rabbit. on’ ti Uabistasentt’ tlio’ animals 
were anaesthetized with urethane, given by slow intravenous injection of a 25%, solution, until 
_ the flexor reflex disappeared. Further injections of urethane were given when necessary during 
the course of the experiment. Urethane causes a transient vasodilatation but does not otherwise 
influence the effects of antidromic stimulation. 

The great auricular nerve was dissected and cut, and the peripheral end inserted in a saline 
electrode (Porter & Allamon, 1936). The indifferent electrode (anode) was placed in either the 
mouth or the rectum, 


kocnug’ Housing for Cross-section Lens Light 
circuit photocell rabbit's ear system source 
Green filter Cowling 
Photocell (Wratten 58) for lamp 
Perspex 


Fig. 1. Diagram of the recording apparatus. 


Intra-arterial injections were made when necessary, through a needle cannula, into the facial 
artery. All other branches of the common carotid were tied, with the exception of the auricular 
artery. Intravenous injections were made into a cannula in the left external jugular vein. 

In those experiments in which blood was collected from the stimulated ear, a two-way cannula, 
coated with silicone and with a side arm, was inserted between the right auricular vein and the 
right external jugular vein.- 

In most experiments the rabbit was given an intravenous injection of 5 ml. 1% heparin. 


RESULTS 
3 Antidromic stimulation 
Our records show that, in the unstimulated preparation, a steadyNevel of 
vasodilatation is maintained in the ear in the absence of sympathetic tone. 
There are constant slight irregularities of the baseline, which are probably due 
to spontaneous small fluctuations in the tone of the vessels. 

A square wave stimulator was used to excite the peripheral end of the cut 
sensory nerve. The response became maximal for a given stimulus strength 
only when the duration was increased to 1-0 msec. In most preparations 
the threshold for stimulus strength at this duration was about 5V., and 
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a maximal response was usually obtained with 15-30V. This seems to be 
a very high stimulus strength but, since in the saline electrode the cathode is 
not in direct contact with the nerve, it is impossible to say what fraction of this 
voltage was actually applied to the nerve. 

Most preparations were sensitive to single shocks of 15-30V. and 1-0 msec. 
duration, but in some rabbits single shocks produced a response which was not 
easily distinguishable from spontaneous baseline fluctuation, and short bursts 
of stimuli were used. Fig. 2 illustrates the response obtained to single shocks 
of 15 V. and 1-0 msec. duration. Upward deflexion of the record always 
represents vasodilatation. 


Fig. 2. Vasodilatation in response to single maximum shocks (15 V., 1 msec.) at 10 min. intervals. 


The vertical scale is arbitrary but is identical in all the records. It is included for comparison 
with the other figures. 


After stimulation there is a latency of some 10 sec.; the response to a single 
shock takes about 1 min. to reach a maximum and is complete in 3-4 min. 
Repeated responses of similar magnitude and duration can readily be obtained, 
and Fig. 2 shows two such responses with an interval of 10 min. between them. 

Increasing the number of stimuli increases both the magnitude and the 
duration of the effect. After a burst of 25 stimuli at a frequency of 5/sec. the 
response was increased so that the record went off the photographic paper and 
the baseline was not regained until 30 min. or more later. A vasodilatation of this 
magnitude was visible on direct inspection. Fig. 3A shows the records obtained 
by increasing the number of stimuli given at a frequency of 1/sec.; and the 
results of this experiment are expressed graphically in Fig. 3 B. 


Acetylcholine 

Intra-arterial injection of 0-1 or 0-2 ml. saline produces a transient, downward, 
deflexion; this apparent constriction is due mainly to the dilution of the blood 
passing through the ear by a colourless fluid, but in some early experiments 
was also partly attributable to the occlusion of the common carotid artery 
during the injection; in the later experiments the artery was not occluded, in 
order to minimize the injection artefact. For this reason also, the volume of 


each injection was kept as small as postible—usually 0-1 ml. 
16—2 
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Acetylcholine given by intra-arterial injection produces, after the constriction 
artefact, a transient vasodilatation. The sensitivity of the preparations to 
acetylcholine varied considerably. In one experiment a measurable effect was 
— with 0-5 myg. manner but usually the amount necessary to 


lt 


4 1 


No. of stimuli 


1-0 msec. duration at a frequency of 1/sec. The number of. stimuli — 
figure. B, graphical representation of results shown in A. 


_ produce a satisfactory response was about 2 myg., while in a few animals as 
much as 5 or even 10 myg. was required. Fig. 4 shows one experiment in which 
the sensitivity was high, and in this case the response to a single shock was 
rather greater than the response to 2 myg. acetylcholine. This figure also illu- 
strates the difference in the duration of the two effects. Although a single 
shock produces an effect lasting some“3—4 min., the effect of the egy of 
2 mug. acetylcholine is over in less than 1 min. 
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Fig. 4. The effect of atropine on the responses to single shocks (15 V. and 1-0 msec. duration), 
and to injected acetylcholine. Single shocks applied at ‘Stim.’. 


A 


1 Stim. 


Fig. 5. Responses to stimulation and to injection of histamine before and after mepyramine, 
A, burst of 5 stimuli (30 V., 1 msec. at 1/sec.) at ‘Stim.’; intra-arterial injections of 1 yg. 
histamine, 0-1 ml. saline and 0-1 yg. histamine. A ‘and 2 mg./kg. 
intravenously. B, intra-arterial injection of 1,g. histamine; burst of 5 stimuli. 
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Histamine. 

Intra-arterial injection of 10ug. histamine produces a vasoconstriction. 
As the dose is decreased the constriction becomes less and is followed by 
a vasodilatation, and with even smaller doses (0-lyug.) the response becomes 
purely dilator. Fig. 5 shows records illustrating this. 1-Oug. histamine 
produces a biphasic response, while 0-1 .g. produces a pure vasodilator response, 
the apparent constriction being no greater than the constriction artefact 
produced by the injection of saline alone. 


Modification of the responses by drug action 


‘The effects of atropine, eserine, mepyramine and strychnine on the responses 


to antidromic stimulation and to injected acetylcholine and histamine were 
investigated. 
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injected acetylcholine. Single shocks applied at ‘Stim.’. 


Atropine. Attempts to obtain temporary antagonism of acetylcholine by 
intra-arterial injection of small doses (1-100yg.) of atropine were unsuccessful; 
this may be because rabbit’s blood contains an esterase which destroys 
atropine (Hillis, 1947). In order to abolish the effect of injected acetylcholine, 
large doses (1 mg./kg. or more) of atropine were given intravenously. In most 
experiments, this dose of atropine did not affect the response to nerve stimula- 


tion, as is shown in Fig. 4; but in one experiment the response was slightly 
diminished after atropine. 
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Eserine. After intravenous eserine (1 mg./kg.) the animal shows fibrillary 
twitching, and the response to injected acetylcholine is potentiated; Fig. 6 
shows the response to 5 myg. acetylcholine before eserine, and the response to 
0-1 mug. acetylcholine after eserine, indicating that the sensitivity to acetyl- 
choline is greatly enhanced. However, the response to stimulation is not 
potentiated after eserine, but is actually diminished (Fig. 6). This diminution 
is reversed by atropine. 

Mepyramine. After the intravenous injection of mepyramine (Neoantergan) 


(2 mg./kg.) the response to injected histamine was abolished completely but 


the response to antidromic stimulation remained (Fig. 5). 


Stim. Str. Stim. | 
Fig. 7. Response to stimulation before and after intra-arterial injection of 0-4 mg. strychnine. 
The slight vasoconstriction after stimulation is probably due to incomplete removal of the 
sympathetic. 


Strychnine. Strychnine, given by intra-arterial injection, produced a slight, 
transient vasodilatation but had no potentiating effect on the response to nerve 
stimulation (Fig. 7). The initial constrictor response seen on stimulation in this 
case is probably due to incomplete removal of the sympathetic fibres. 


Attempts to find the transmitter in venous blood from the ear 

In a number of experiments we collected venous blood from the ear both 
during rest. and during maximal antidromic vasodilatation. Samples of blood 
were injected intra-arterially, either into the same rabbit or into another rabbit. 
In some cases no effect was obtained with either sample; in others both samples 
contained small amounts of a vasodilator substance, probably histamine. In 
no experiment, however, were we able to find a greater vasodilator action with 
blood obtained during stimulation than with control blood. This was true even 
when the donor rabbit had received a large dose of eserine. In one experiment 
the ear of the recipient rabbit was sensorily denervated in an attempt to 
increase the sensitivity to the transmitter, but even with this refinement no . 
transmitter was found in blood taken from the stimulated ear. 
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DISCUSSION 


The method which we have described of recording changes in the degree of 
vasodilatation in the rabbit’s ear by using a photoelectric cell has several 
advantages. In the first place, measurements may be made without interfering 
with the normal circulation through the ear. In addition, the method is 
sensitive to small changes and there is: no time-lag between the response in 
the ear and the response of the recording system. 

The sensitivity of the method is such that reproducible effects could easily 
be obtained in response to single shocks applied to the peripheral end of the 
cut great auricular nerve of sympathetically denervated preparations. The 
time course of this response is highly characteristic. We always found a latency 
of about 10 sec. between the stimulus and the onset of the effect. This long 
latency is in agreement with previous observations on antidromic vasodilatation 
in the rabbit’s ear and the cat’s paw; as far as we know all other responses to 
nerve stimulation have much shorter latencies, even where chemical trans- 
mission is certainly involved. We have also confirmed previous observations, 
in that a volley of 25/sec. for 30 sec. produced a response which lasted for more 
than 30 min. Even more startling, however, is the fact that the response to 
a single shock lasts for 3-4 min. 

These facts support the theory put forward by Lewis & Marvin (1926) 
that antidromic vasodilatation is brought about by the liberation of a chemical 
transmitter; but the long latency and duration of the effect make it unlikely 
that the transmitter is either acetylcholine or histamine, because both are 
freely diffusible and readily destroyed. We should expect their action to be 
exerted very soon after liberation, even though the site of action were some 
distance from the site of liberation, and to be over in a shorter time. ; 

Further evidence against acetylcholine is provided by the fact that atropine 
does not abolish and eserine does not potentiate antidromic vasodilatation. 
The results with atropine are in accordance with those of Wybauw (1938)) 
who, nevertheless, maintained that the mechanism was cholinergic, for, as 
Dale (1929) pointed out, sensitivity to atropine is not a sine qua non; for 
example the parasympathetic vasodilatation in the salivary gland is relatively 
insensitive to atropine but is undoubtedly cholinergic. But even there the © 
effect of nerve stimulation is potentiated by eserine, and Wybauw claimed that 
antidromic vasodilatation was potentiated by eserine. We have been unable 
to confirm this observation; in none of our experiments was there any sign of 
potentiation; in fact we found that the response to antidromic stimulation was 
reduced after eserine. In Wybauw’s experiments, which were on the cat’s paw, 
the skin temperature was taken as an indication of the state of the vessels. 
The intravenous injection of eserine itself caused a rise of temperature, probably 
through the dilatation of arterioles not under observation, and this itself may 


3 
4 
ag 
Ay 
i 
4 
x 
4 
a 
a 


ANTIDROMIC VASODILATATION 249 


have modified the response to antidromic stimulation. In any case, Wybauw 
did not obtain eserine potentiation in every experiment. 

The reduction of the response to antidromic stimulation by eserine was 
unexpected; it may be related to the finding that high concentrations of 
anticholinesterases block nervous conduction in both cholinergic and non- 
cholinergic neurones (Bullock, Nachmansohn & Rothenberg, 1946). It is 
conceivable that the thinly myelinated terminal portions of the nerve fibres 
responsible for antidromic vasodilatation are blocked at the relatively low 
concentration of eserine that we were using. Recent evidence suggests that 
this blocking action is independent of inhibition of cholinesterase and is a direct 
action of the anticholinesterase drugs (Toman, Woodbury & Woodbury, 1947). 
If this were so, the action of atropine, which in our experiments restored anti- 
dromic vasodilatation, must be due to a direct antagonism of eserine, which is 
independent of its antagonism of cholinergic effects. That this action of eserine 
has so far been missed may be due to the fact that eserine is usually used in 
analysing cholinergic mechanisms where the augmentation resulting from the 
undestroyed acetylcholine might easily mask the reduction of nervous activity. 

Evidence against acetylcholine was also put forward by Kibjakow (1931), 
who obtained an active substance which was stable in blood and so was 
unaffected by cholinesterase. In our experiments, in which we collected blood 
from the stimulated ear, vasodilator substances were not, however, present in 
greater quantities than in control blood, even when the donor rabbit was fully 
eserinized, Although our findings are not in agreement with those of Kibjakow, | 
in our view they are a strong argument against acetylcholine being responsible 
for antidromic vasodilatation. 

Our results also cannot be reconciled with the idea that histamine is the 
transmitter responsible for antidromic vasodilatation. In the past histamine 
has sometimes been rejected as a possible transmitter because, in the rabbit’s 
ear which gives such a strofig antidromic vasodilatation, histamine itself is 
usually vasoconstrictor. Our findings, however, like those of Feldberg (1927) 
and Lewis & Marvin (1926), show that histamine in small doses is vasodilator 
in the rabbit’s ear with its natural circulation. Even in the perfused ear, 
Burn & Dutta (1948) have occasionally observed histamine vasodilatation. 
Nevertheless, mepyramine, in doses which abolished the histamine effects, both 
dilator and constrictor, left antidramic vasodilatation unaffected. It is known 
that mepyramine passes readily from the blood vessels into the skin, so that 
we must assume that the concentration was high enough to abolish the action 
of any histamine liberated outside the vessels. In addition, although mepyra- 
mine may not abolish all the effects of histamine, it does antagonize the effects 
of histamine on the blood vessels, both in perfused preparations and in the 
intact animal. Our results with mepyramine thus provide strong evidence 
that histamine is not the transmitter. 
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- Our conclusion is in direct contradiction to that of Kwiatkowski (1943), who 
detected a histamine-like substance in the effluent from the perfused cat’s paw 
in response to antidromic stimulation. We have been unable to obtain similar 
results on the rabbit’s ear; and Kwiatkowski’s observations therefore require 
confirmation before the histamine theory of antidromic vasodilatation in the 
cat’s paw can be accepted. Two other facts make it unlikely that the nerves 
responsible for antidromic vasodilatation are histaminergic. According to 
Kwiatkowski himself (1943) histamine does not disappear from the sensory 
nerves of the rabbit’s ear on degeneration; and histamine appears to inhibit 
transmission in sensory neurones (Chauchard, 1949). 

Our results with strychnine do not support the conclusion of Hellauer & 
Umrath (1948). According to them the unidentified sensory transmitter is 
destroyed enzymically and this destruction is inhibited by strychnine. Our 
finding that strychnine does not potentiate or prolong the response to anti- 
dromic stimulation of the rabbit’s ear makes it unlikely that the transmitter 
liberated at the peripheral end of sensory neurones is destroyed by a strychnine- 
sensitive enzyme. This, of course, does not exclude the possibility that the 
transmitter responsible for antidromic stimulation is identical with the central 
synaptic transmitter; it may be that the enzyme responsible for its destruction 
is present in the spinal cord but not at the peripheral nerve endings. 

Our attempts to identify the chemical transmitter responsible for antidromic 
vasodilatation have so far given negative results. We consider, however, that 
the evidence we have obtained excludes acetylcholine and histamine as possible 
transmitter substances, at least in the rabbit’s ear. The fact that we have been 
unable to obtain the active principle in venous blood collected from the 
stimulated ear, together with the latency and long duration of the effect after 
stimulation, seems to us to indicate that it is not freely diffusible, or is not 
normally removed by the blood stream. 


SUMMARY 


1. A method is described of recording changes in the vasomotor tone of the 
vessels of the rabbit’s ear, using a photoelectric cell. 

2. In the sympathetically denervated rabbit’s ear consistent and repro- 
ducible vasodilatation is obtained in response to stimulation by single or 
multiple shocks applied to the peripheral end of the cut great auricular nerve. 
The response to single shocks comes on after a latency of some 10 sec., reaches 
@ maximum in | min., and lasts for 3-4 min. The stimulation used must usually 
be of 15 V. and 1-0 msec, duration. 

_ 3. Acetylcholine given by arterial injection produces a transient vasodilata- 
tion, sometimes in doses as small as 0-5 myg.; histamine, although constrictor 
in large doses, is always dilator in smaller doses (0-1 ,g.). ~ 
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4, Antidromic vasodilatation is not abolished by atropine or mepyraminenor 
potentiated by eserine or strychnine. 

5. Antidromic vasodilatation is depressed by eserine, and this depression is 
reversed by atropine. 

6. No evidence was found of the presence of a transmitter in venous blood 
collected from the rabbit's ear during antidromic stimulation. 

7. Itis concluded that the transmitter is neither acetylcholine nor histamine. 


We are grateful to Professor J. Beattie and Dr 8. Hilton of the Royal College of Surgeons, 
London, for assistance in designing our apparatus. 
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THE NEURONE OF THE HUMAN AUTONOMIC SYSTEM 
AND THE SO-CALLED ‘SENILITY PIGMENT’ 


By J. BRONTE GATENBY anp TOHAMY A. A. MOUSSA* 
| From Trinity College, Dublin 
(Received 20 December 1950) 


We have recently studied the sympathetic neurones of the rat, mouse ol 
rabbit. Some human material has come into our hands and, as it illustrates 
in a remarkable manner our views (Gatenby & Moussa, 1949; Gatenby, 
Moussa & Dosekun, 1949) on the origin and nature of the so-called ‘senility 
pigment’, we have made some photographs of sections under the — 
contrast microscope. 


MATERIAL 


Apart from that of laboratory mammals, our material consists of the lumbar 
autonomic ganglia of a man of 60 years of age, and a boy of 104 years. Only 
_ the neurones from the man of 60 years are described here. An account of the 
neurones of the boy will be found elsewhere (Gatenby & Moussa; 1951). The 
ganglion described here had — — in formol aloohol, and stained in Sudan 
Black B by T.A. A.M. 


DESCRIPTION 


In Pl. 1, fig. 4, is an Aoyama fixed sympathetic neurone from the coeliac 
ganglion of the rat. The canalicular system or Golgi apparatus is at ‘c’ forming 
a loop around the nucleus. Senility pigment so-called, can be seen forming 
above and below ‘c’ on the left, and at ‘a’ above. Above the nuclear mem- 
brane at 3 o’clock is a group of impacted pigment granules. 

Now in Pl. 1, figs. 1-3, are sections of three human neurones, each showing 
the very large aggregation of pigment ‘p’ at the axon end of the neurone (az). 
The close relationship of these granules to the Golgi canals is shown at 
‘a’ in each photograph. Everywhere in fig. 1, the canals have attached 
black granules. The granules originate as paler elongate bodies plastered on 
to the canals (upper ‘a’ in fig. 2); these round off and become detached from 
the canals and make their way forward to take their place with the granules 
already at the axon hillock. 


° Permanent address: Zoology Department, Farouk University, Alexandria, Egypt. 
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As will be clear from fig. 3, the canals of Golgi (‘c’) are extremely tortuous 
and, although lying close to the periphery of the cell, do not appear to open 
outwards. Since the material was fixed in formol alcohol and not silvered, the 


_ walls of the canals (Golgi substance) are not shown. 


DISCUSSION 


The older interpretation of the nature of the senility pigment is that these 
granules constitute cytological, senility ‘clinkers’, which begin to appear in. 
man after the age of 40 and, thereafter, form a dark yellow or black aggregation, 
mainly at the axon end of the cell. The prevailing notion is that they are the 
result of ageing. No cytological explanation of their presence has been 
attempted (Kuntz, 1932). That they are formed from the Golgi apparatus, 
we believe to have been established from our work on the rabbit, rat, and 
mouse. We now consider that these granules are, or contain, a hormone or 
similar substance representing part, at least, of the neurosecretion of the 
nervous system. | 

While it is true that old neurones from other parts of the nervous system 
(e.g. spinal ganglia) contain pigment granules, these are most noticeable in the 
autonomic thoracic and lumbar chain. At the present time one of us is exami- 
ning various parts of the nervous system of the sheep in order to ascertain the 
relative time of appearance of ‘senility granules’; it seems that these granules 
first appear in the sympathetic ganglia and the spinal ganglia. We have not 
found them formed as early in the spinal cord or cerebellar and cerebral 
cortices. The granules are clearly marked in the spinal cord neurones, and 
a doubtfully comparable, though less granular, area appears to be present in 
the Purkinje cells. This latter remark applies to material from an old cat. We 
do not propose to speculate as to the possible nature of any hormone, enzyme, 
etc., in these granules, which are formed from the Golgi apparatus. 

It may be objected that since the protoplasm of the neurone has been 
claimed to be very viscous, movement of the granules from one end, and the 
sides of the cell, to the axon hillock would not be possible. However, Murray 
& Stout (1947) have recently cultured chopped pieces of adult human sym- 
pathetic ganglion in medium and kept the neurones alive for months. The 
neurones migrate out into the medium, and considerable movement within 
the cytoplasm can take place according to their description. They describe 
actual disappearance of pigment granules within a space of a few days from the 
living neurones. While the figures in Pl. 1 show considerable shrinkage, due 
to the embedding, the neurones are healthy and there is no neuronophagia. 


19 
en 
nd 
‘ 
ity 
se- 
4 
ar 
y 4 
an 
1g 
18 
n- 
18 
at 
n 
aS 
~ 


254 J. BRONTE GATENBY AND TOHAMY A. A. MOUSSA 


SUMMARY 


1. The sympathetic neurones of a man of 60 years of age contain an axon 
group of senility granules. These are considered to originate from the Golgi 
apparatus, situated in the cell body, and to migrate to the axon hillock 
region. | 

2. The senility granules probably contain some form of neurosecretion. Even 
after paraffin wax embedding, the granules stain densely in Sudan Black B. 
This dye does not appear to be exclusively a fat stain, as some workers 
believe. 

We thank Prof. R. A. Q. O’Meara for giving us the embedded block for sectioning. 
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Figs. 1-3. Phase-contrast pictures of sections from man stained in Sudan Black B, after wax 
embedding. : 
Fig. 4, Aoyama fixed neurone of young adult rat, similarly stained. 


Leiters: a=formed and detaching pigment granule (g) still in contact with canalicular system of 
Igi; az=axon end; n=nucleus; p=pigment. 
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A STUDY OF THE RENAL CLEARANCE AND DIS- 
TRIBUTION IN BODY FLUIDS OF N-METHYL-2- 
PYRIDONE-5-CARBOXYLAMIDE, USING AN 
IMPROVED METHOD OF DETERMINATION 


By W. I. M. HOLMAN anp P. LOUS 


From the Medical Research Council Department of Experimental 
Medicine, University of Cambridge 


(Received 20 December 1950) 


Recent investigations have shown that N-methyl-2-pyridone-5-carboxylamide 
is the chief product of the metabolism of nicotinic acid and nicotinamide by 
man (Holman & de Lange, 1950a; Perlzweig, Rosen, Pearson, Peck & Sparks, 
1950). It seemed of interest to study the distribution of this compound in the 
body fluids of man and the manner in which it is excreted by the kidneys, 
particularly since tubular excretion of other pyridones (Smith, Finkelstein, 
Aliminosa, Crawford & Graber, 1945) and of N-methylnicotinamide (Beyer, 
Russo, Gass, Wilhoyte & Pitt, 1950) has been demonstrated. 


METHODS 

The colorimetric method of Holman & de Lange (1949) for the determination of N-methyl-2- 
pyridone-5-carboxylamide was too complex and laborious for use in experiments of this kind, but 
experience had suggested several ways in which it could be improved and simplified. Full develop- 
ment of the colour at room temperature was obtained by the use of a solution of ammonia in 
absolute ethanol for neutralization of the acid nitration mixture. The time allowed for nitration was 
reduced, and it was found that the preliminary adsorption on Lloyd’s reagent could either be 
omitted, if the concentration of pyridone was sufficiently high, or be replaced by a relatively simple 
extraction with methanol and chloroform. 


Determination of N-methyl-2-pyridone-5-carboxrylamide 
Reagents 
Chloroform-ethanol mizture. 20 ml. absolute ethanol diluted to 11. with chloroform (B.P.). 
Nitration mizture. 0-5 g. pure, dry KNO, dissolved in 3 ml. conc. H,S0, (A.R.) by heating for 
15 min. in a boiling water-bath; freshly prepared and cooled before use. 
Alcoholic ammonia solution. 70 ml. conc. NH, (35% w/w) diluted to 11. with absolute ethanol. 


Procedure 


Preparation of sample for analysis. (a) Specimens of urine were preserved with toluene and 
stored at room temperature before analysis. The concentration of pyridone remained unchanged 
for at least 10 days after specimens were voided. If a sample of urine contained less than 20 yg. 
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pyridone per ml., a measured volume at pH 5-7, containing 20-100 pg. was transferred to a dish 
and evaporated to dryness overnight on a hot-plate at 50°C. After cooling in a desiccator over 
CaCl,, 1 ml. absolute methanol was added and the dry residue was broken up with a glass rod for 
2 min. or until finely dispersed; 5 ml. chloroform (B.P.) and 10 mg. ‘Celite’ filter-aid were then 
stirred in and mixed for about 1 min. or until the precipitate had flocculated. The supernatant 
liquid was carefully decanted on to a dry filter (Whatman No. 540, 7 cm.) and the funnel was 
covered with a watch-glass. The filtrate was collected in a 4x 1 in. test-tube fitted with a B 24 
ground-glass stopper. The residue in the dish was extracted twice more by the same technique, 
the methanol-chloroform extract on each occasion being filtered into the 4x1 in. tube. The 
combined filtrate was evaporated to dryness in a water-bath at about 70°C., the stopper was 
inserted and the tube allowed to cool. Under these conditions all the pyridone, but only a small 
proportion of the total dry matter, was extracted from the urine. 

If a sample of urine contained more than 20 pg./ml., a measured volume containing 20-100 yg. 
of pyridone was transferred directly to a 4x1 in. glass-stoppered test-tube and evaporated to 
dryness in a boiling water-bath. The tube was stoppered and allowed to cool. This direct. method 
was also applicable to cerebro-spinal fluid. — 

(6) A measured volume of whole blood, serum or plasma containing 20-100 pg. of pyridone was 
deproteinized by means of tungstic acid. For serum and plasma 2-5 vol. water, 1 vol. }n—H,SO, 
and $ vol. 10% sodium tungstate were used; for whole blood 1 vol. water, 2 vol. 4n-H,SO, and 
1 vol. 10% sodium tungstate. After centrifugation the supernatant liquid was filtered and 
adjusted to pH 6~7 by the addition of a trace of solid K,PO, or of 20% (v/v) H,PO,, using bromo- 
thymol blue externally. 2-5 vol. of the neutralized filtrate were transferred to an evaporating dish, 
0-5 ml. chloroform was ‘added as a preservative, and the contents of the dish were evaporated 
to dryness at 50°C. The residue was extracted with methanol and chloroform as described for 
Isolation of the pyridone. To the dry residue of urine or blood filtrate in a 4 x 1 in. glass-stoppered 
test-tube was added exactly 0-2 ml. n-NaOH solution followed by 11:5 ml. chloroform-ethanol 
mixture. The tube was shaken vigorously for 5 min. and the contents were filtered through 
a Whatman No. 542, 11 cm. paper intoa 10 ml. glass-stoppered measuring cylinder. The funnel was 
covered with a watch-glass to minimize evaporation. To exactly 10 ml. of the filtrate in the 
measuring cylinder were added 2:5 ml. acetic acid solution (2 ml. glacial acetic acid per litre). The 
mixture was shaken for 3 min. When the layers had separated, 1-5 ml. of the upper aqueous layer 
was transferred to a 6 x } in. Pyrex test-tube and was evaporated to dryness in a boiling water- 
bath, The fluid remaining in the measuring cylinder was kept for the preparation of the blank (see 
later section). 

Nitration and colour development. To the dry residue in the bottom of the Pyrex tube was added 
exactly 0-1 ml. nitration mixture. Since it was important that the residue should be dissolved 
completely, the mixture was spread over the base and lower walls by moving the tube backwards 
and forwards between the vertical and horizontal positions, whilst rotating it slowly. The tube was 
then heated for 15 min. in a boiling water-bath, care being taken that no water splashed in from the 
bath. After about 1 min. the tube was momentarily removed from the bath fa order to spread the 
nitrating mixture over the base and the first 1 in. up the walls. When the tube had cooled, 5 ml. 
absolute ethanol were blown in from a pipette and the contents were cooled by shaking the tube 
while partly immersed in running tap-water. 4 ml. alcoholic ammonia solution were then added 
and the contents again mixed and cooled. The precipitated (NH,),SO, was centrifuged off and the 
clear supernatant liquid decanted into a 1 em. cell for colour measurement. The intensity of colour 
was read at a wave-length of 450 my. in a Beckman spectrophotometer, or in a Spekker absorptio- 
meter with a special filter supplied by Messrs Ilford Ltd., London. Spectrum violet filter No. 601 
was also used, but the readings with it were somewhat lower. 

Under the conditions of nitration described above, the relationship between optical density and 
amount of pyridone present was linear over the range 0-60 yg. The colour was reasonably stable, 
the loss of intensity which occurred in the first 3 hr. after development being 1-2-1-4% per hr. 
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Recovery of added pyridone. Although the proportion of the pyridone which was extracted from 
NaOH solution into chloroform and thence into acetic acid was constant for a definite volume of 
any particular urine or blood filtrate, it varied according to the amount of impurities in the sample, 
from about 50% for relatively pure solutions of the pyridone to about 25% when 20 ml. urine was 
analysed, It was therefore desirable to determine the recovery separately on every sample analysed. 
For urine this was done by analysing four portions of each sample by the technique described above, 
to two of which (the recoveries) known amounts of pyridone (50 and 100 yg.) were added initially. 
In the case of blood, because of the large amounts required for analysis, it was possible to include 
only one or two recoveries in each series of samples from a particular subject. 

Preparation of the blank. The residual fluid in each corresponding set of 10 ml. measuring 
cylinders (test solutions and recoveries) was pooled and 1-5 ml. of the combined aqueous layer was 
transferred to a 6 x } in. test-tube. The contents were evaporated to dryness and treated in exactly 
the same way as the test solutions and recoveries, except that, after the addition of nitration 
mixture, the tube was kept at room temperature for 15 min. instead of being heated. Under these 
conditions the pyridone yielded no colour, the minute trace of colour present being derived from 
the reagents and the sample. Evidence for the validity of this blank was furnished by studies of the 
spectral absorption properties of standards, test solutions and blanks, and by the analysis of urines 
from severe cases of pellagra (Holman & de Lange, 1950). 

Calculation of results. The amount of pyridone in a sample was calculated from the formula 
A x U/((R-U), where U and R were the optical densities of test solution and recovery respectively, 
and A was the amount of pyridone added. Owing to the complicated nature of the procedures, 
the reproducibility of results was not tested in the usualeway by repeated analysis of the same 
samples, An examination of the results obtained for the urines in the present experiments, how- 
ever, showed that the average variation between duplicate test solutions was 2% and between 
pairs of recoveries 3%. A few data for blood indicated greater variability between recoveries 
the order of 6%. 

Othe 

Thiosulphate was determined by the method of Brun (1950), inulin and fructose by that of 

Bacon & Bell (1948) and urea by the method of Lee & Widdowson (1937). 


Experimental subjects : 
Of the six subjects used, four were healthy males (W.I.M.H., B.S., C.T. and J.R.R. aged, 


respectively, 35, 30, 21 and 36 years). One (E.M. W.) was a healthy female aged 40 years, and the 


remaining subject (A.F.) was a female patient aged 71 years, suffering from osteoporosis, but 
showing no gross renal, and no circulatory, impairment. 


: Experimental procedure 
Most of the experiments were designed so that the clearance of the pyridone and its volume of 
distribution in the body fluids could be determined at each of two widely different blood levels. 
In the case of subjects W.1.M.H., B.S., E.M. W. and A. F. the blood level was raised to the desired 
values by intravenous injection of pyridone, in subject C.T. by oral administration of 1 g. of pyri- 
done, and in subject J.R.R. by preliminary ingestion of 1-5 g. of nicotinamide. In practically all 
experiments thiosulphate and urea clearances were determined at the same time as the pyridone 
clearances. In the case of subjects C.T. and E.M. W., inulin clearances were also determined. 
Each experiment was started in the morning at least 2 hr. after the subject had eaten a light 
breakfast. All subjects except A.F. reclined in comfortable chairs, standing up to empty the 
bladder as completely as possible. Subject A. F. was kept in bed and urine was collected by catheter, 
the bladder being rinsed out with distilled water after each collection. Each subject drank 200- 
500 ml. water/hr. when a large diuresis was desired. Urine specimens were preserved under toluene. 
Heparin was used to prevent coagulation of blood samples. The length of the clearance periods was 
about 15 min, in subject A.F. and about 30 min. in the other subjects. 
PH. OXIV. 17 
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Solutions of the pyridone and of inulin were freshly prepared for each experiment, using pyrogen- 
free distilled water, and were passed through a Seitz filter. Portions of the solution of pyridone to be 
injected were weighed out in sterile tared beakers and the remainder of the filtered solution was 
kept for analysis. After each injection the last traces of pyridone remaining in the beaker and 
syringe were washed into the vein with several portions of a sterile 0-9% solution of NaCl. A 
sterile 10% solution of Na,S,0,5H,O was supplied for injection by the Dispenser, Addenbrooke's 

In the experiments on subjects W.I.M.H., B.S. and A.F. the blood level of the pyridone was 
initially raised to between 0-2 and 0-6 mg./100 ml. by injection into one of the veins in the ante- 
cubital fossa of 60-200 mg. of pyridone. In subjects W.1.M. H. and A. F. the concentration was then 
maintained by infusion of pyridone for 4-1 hr. About 1-1} hr. after the first injection the blood 
concentration of pyridone.was raised to 2 mg./100 ml. by a second injection of 500-800 mg. of 


pyridone. This concentration was maintained for 1 hr. by infusion in the case of subject AF. 


Blood samples were taken from the veins of the opposite arm, and specimens of urine were 
collected, at the low and high blood levels. In the case of subject E.M. W. the blood concentration 
was raised initially to 2 mg./100 ml. by injection of pyridone and was maintained for 3 hr. at this 
level by infusion. Samples of blood and urine were collected during this period, and also 12-14 hr. 
later, when the blood concentration had fallen to between 0-2 and 0-3 mg./100 ml. 

The thiosulphate clearance was determined on subject B.S. on a falling blood concentration 
curve, after one injection of about 2 g. Na,S,0,. In the other subjects, after injection of 2-6 g. of 
Na,S,0,, the blood level was maintained by infusion for }~-2 hr. Inulin clearances were determined 
at a steady blood level by the use of a maintenance infusion after an initial injection of 4-6 g. 
inulin. 


A short interruption occurred in the experiment on subject B.S., owing to the fact that the 
subject fainted. He soon recovered and insisted that the experiment should be completed. It 
should be noted however that at this time there was a sudden fall in the rate of urinary flow from 
15 to 1 ml./min., and that only about one-third of the desired amount of thiosulphate was injected. 


RESULTS 
Renal clearance 


The number of samples of blood and urine collected was sufficiently large for 
at least three determinations of the clearance of the pyridone to be made on 
each subject. The entire series of results is shown in Table 1, together with the 
corresponding plasma concentrations and rates of urinary flow. The thio- 
sulphate, urea and inulin clearances are included in the table. In calculating 
the clearances, the kidney-bladder delay time was taken as 10, 6, or 2 min., 
according to whether the rate of urinary flow was <2, 2-5, or >5 ml./min. 
_ According to the results of McSwiney & Wardener (1950), which were published 
after the present experiments had been completed, the above estimate of 6 min. 
for the delay time at rates of urinary flow between 2 and 5 ml./min. is probably 
too high, but the error is too small to affect the clearances. 

Evidence has recently been provided (Lambiotte, Blanchard, Graff & Graff, 
1950) that, in man, the thiosulphate clearance is identical with the glomerular 
filtration rate only when determined at a plasma concentration above 16 mg./ 
100 ml. At lower plasma levels the clearance becomes progressively greater 
than the glomerular filtration rate. Since the concentrations of thiosulphate 
in the present experiments were not always greater than 16 mg./100 ml. of 


q 
‘ 
q 
| 
‘ 
fj 
$9 
4 
¥ 
4 
< 


s 


eo.  & 


RENAL CLEARANCE OF A NATURAL PYRIDONE 259 


plasma, the values have been included in Table 1. In general the results tend 
to support the conclusion of Lambiotte e¢ al. 

The clearance of the pyridone was, in all but two instances, slightly lower 
than the corresponding thiosulphate clearance, and was also slightly lower 
than the inulin clearance in the two subjects in whom this was determined. 
In every instance it was distinctly higher than the urea clearance. 


TaBiE 1. Comparison of renal clearances of N-methyl-2-pyridone-5-carboxylamide 
! with those of thiosulphate, inulin and urea 
N 
5-carboxylamide 


Thiosulphate 

Plaama Plasma Inulin Urea 
flow level Clearance level Clearance clearance clearance* _ 

Subject (ml./min.) (mg.%) (ml./min.) (mg.%) (ml./min.) (ml./min.) (ml./min.) 
E.M. W. 4-4 1-80 110 8-8 150 134 82 
6-4 1-95 108 11-2 138 124 92 
10-1 1-90 1ll 10-7 143 123 93 
2-4 0-29 96 — 
4:8 0-26 98 18-7 133 — 77 
1-9 0-24 91 12-7 127 — 36* 

A.F 3-3 0-25 74 17:4 79 
3-6 0-22 86 14:3 78 — 38. 
2-6 2-55 64 15:3 82 — 37 
1-7 2-50 50 16:3 68 — 25* 
W.1.M.H., 2-1 0-64 120f 
1-6 2-15 101 12-2 129 -- — 
2-5 1-85 76 7-0 135 
9-5 1-80 78 4-4 155 
B.8. 16-0 0-18 91 — — — 66 
1-0 1-75 65 8-2 87 — 40* 
1-2 1-55 107 3-3 108 — 48* 
1-5 1-40 98 1:5 101 — 45* 
C.T. 2:3 1-15 99 77 
| 2-4 0-82 113 26-5 136 134 82 
9-8 0-74 116 23-2 140 127 99 
17-4 0-68 131 16-2 131 139 91 
J.R.R. 419 0-70 84 
4-0 1:15 74 -- — 


* In cases where the urinary flow was <2 ml./min., the standard clearance is given; in all other 
cases the maximum clearance. : 


The concentration of the pyridone in the plasma appeared to have no 


_ influence on the clearance. Although there was some tendency in subjects 


W.I.M.H. and A.F. for the clearance to be higher when determined at a low 
plasma level, than later, when the plasma level was raised, this trend was not 
confirmed by the results for subject E.M.W. The clearance was higher in sub- 
ject E.M. W. at the initial, high, plasma level than later, when the level had fallen. 

It is not clear from the results whether or not the pyridone clearance was 


affected by the rate of urinary flow. esi 
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Proportion of a dose excreted in the urine 


In the experiments on subjects W.1.M.H., B.S. and E.M.W. the total amount 
of pyridone injected, and the urinary excretion of. pyridone for periods up to 
5 days after the dose, were determined. The proportion of the dose which was 
excreted in the urine at various periods after administration was calculated, 
allowance being made for the normal urinary excretion of the pyridone by each 
subject. The results, which are given in Table 2, show that 90-96% of a dose 
could be accounted for in the urine. 


Taste 2. Proportion of an intravenous dove of N-methyl-2-pyridone-b 5-carboxy] 


Period after com- Percentage of dose excreted in urine 
mencement of 


injection (hr.) W.LM.H. B.S. E.M.W. 
0- 12 64 63 
0- 24 82 
0- 48 90 90 96 
0- 72 91 96 
0- 96 91. 
0-120 91 


In earlier experiments (Holman & de Lange, 1950a) it was shown that 
76-77 % of an oral dose of the pyridone could be accounted for in the urine in 
48 hr. It appears that a higher proportion is excreted after intravenous than 
after oral administration. 

A closer examination of the urinary results for subjects W.I.M.H., B. 8, and 
E.M.W., showed that, except for a short period immediately after the injections, 
the rate of excretion of the pyridone decreased exponentially with time. At 
any time therefore a fixed proportion of the amount in the body was being 
excreted in the urine, This supports the evidence just. presented that the 


clearance of the pyridone is not affected by the plasma concentration, at any 
rate in man. 
Normal plasma level of the pyridone 

In preliminary experiments it was found that the normal concentration was 
less than 0-015 mg./100 ml., no detectable colour being produced when samples 
of up to 20 ml. of whole blood or plasma were analysed. By taking larger 
samples (equivalent to 200. ml.) of pooled dried serum, which had been 
prepared in Canada in 1944, a measurable colour was obtained, masioating 
a concentration of 0-010 mg./100 ml. 

Since the normal level was so low, it was necessary to raise it somaidecabiy 
before the clearance could be determined with reasonable accuracy: It is of 
interest however to note that, if the clearance is calculated from this approximate 
value of 0-010 mg./100 ml. for the normal plasma level, and an average value 
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of 10 mg./24 hr. for the normal urinary excretion of the pyridone, the result 
(70 ral. /min. ) seas not differ ew acta the values observed at higher plasma 


of distribution 


~ From the experimental results for subjects W.I.M.H., B.S., E.M.W. and A.F. 
it was possible to calculate the volume of distribution at various times after 
the injections. Two methods were used: . 

(a) Volume of distribution at time ¢ 
__ 2mount injected — — amount excreted up to time ¢ 
» concentration in plasma water at time t 
0) Volume of disteibateon at time ¢ 
amount excreted after time t 
| ~ concentration in plasma water at time ¢* 
In all calculations corrections were applied for the normal concentrations of 
the pyridone in plasma and urine, and it was assumed that the plasma con- 


tained 93% of water. Since 4-10% of an injected dose of the pyridone could 
not be recovered in the urine, both equations will give slightly inaccurate 


results. In the case of equation (b) the amount excreted after time ¢ was 


multiplied by 100/92 in order to minimize this error. Since the clearance was 
not extremely high, corrections for the delay time and for differences between 
venous and arterial blood were not made. ) 

The results calculated by both methods are shown in Table 3. The urea space 
was also determined by the method of McCance & Widdowson (1951), within 
a few weeks of the time at which the pyridone experiments were made. The 
results are included i in the table. 


3, Volume of distribution of N-methyl-2- compared with 


that of urea 
Volume of distribution 
of N-methyl-2-pyridone- 
(1.) 
Time (min.) | r 
| «From start From end from from Urea 
Subject  ofinjection . of infusion equation equation (6) apace (l.) 
id: 191 3 32 33 38 
1018 830 40 
AF, 40 During infusion 28 — 
Fis Sire. During infusion — 26 
105 | 41 39 39 
67 During infusion 43 — _ 
123 27 30 33 34 
176 80 38 42 —_— 
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The errors involved in the calculation of the volume of distribution of the 
pyridone varied in magnitude according to the plasma concentration, time after 
injection, and method of calculation. In some cases one or other of the methods 
of calculation was definitely inapplicable. All other estimates obtained are 
shown in the table. As a whole, the results show that the volume of distribution 
approximated to that of urea, indicating that the pyridone tends to become 
equally distributed throughout the total body water. 


Distribution in vivo between red cells and plasma 
In order to obtain direct evidence that the pyridone diffuses into cell water, 
blood samples were taken from subject E.M.W. 2-3 hr. after the initial injec- 
tion. The red cells and plasma were separated and analysed for pyridone. The 
results are shown in Table 4. In estimating the concentrations in cell and 
plasma water it was assumed that 5°%, of interstitial plasma was included in 
the packed cells and that red cells and plasma contain 65 and 93%, of water 


respectively. 


Taz.x 4, Distribution of N-methyl-2-pyridone-5-carboxylamide between red cells and plasma 


Concentration of pyridone Concentration in cell 
ime (mg./100 ml.) water as percen 
initial injection A of 
(min.) Cells Plasma plasma water 
150 1-60 1-95 115 
186 1-50 1-90. 111 


It is clear that the pyridone readily enters the red cells and is distributed 
in roughly equal concentrations in the cell and plasma water. The concentration 
was slightly higher in the cell, than in the plasma, water, but it is doubtful 
whether the difference is significant. 


In vitro experiments on proportion of filterable pyridone in plasma 

The concentrations of the pyridone in two samples of heparinized plasma 
from a healthy subject were raised to 0-60 and 3-0 mg./100 ml. respectively. — 
Both samples were ultrafiltered anaerobically by the method of Lavietes 
(1937). Analysis of the ultrafiltrates showed practically the same concentra- 
tions (viz. 0-58 and 3-0 mg./100 ml.), indicating that the pyridone was not 
adsorbed to a large extent on the plasma proteins. Similar results were 
obtained in a second experiment in which the protein level of the plasma was 
doubled by evaporation. Since sodium thiosulphate, urea and fructose, when 
added to samples of plasma, showed slightly higher concentrations in the 
ultrafiltrate than in the plasma, it is possible that the pyridone was adsorbed to 
a small extent. 
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__ Distribution in cerebrospinal fluid 
A limited amount of evidence on this question was obtained on a male 


patient aged 46 years, showing no abnormality with respect to the c.s.f. 
Samples of blood and c.s.f. were taken 6 and 6} hr. respectively after the oral 


_ administration of 1-5 g. of nicotinamide and were analysed for pyridone. The 


results showed that the plasma contained 1-65 and the c.s.f. 0-59 mg./100 ml. 
Since the results for subject J.R.R. showed a very slow rise in the plasma level 
of pyridone up to 5 hr. after ingestion of nicotinamide, it is unlikely that in the 
present experiment the plasma level changed appreciably in the interval be- 
tween the collection of blood and c.s.f. It therefore appears that the pyridone 
was distributed much more slowly into the c.s.f. than into the blood. 


DISCUSSION 


The main object of the clearance investigations was to determine whether or 
not a secretory mechanism is involved in the excretion of the pyridone. 
Evidence that the clearance did not exceed the glomerular filtration rate was 
provided by the observation, under a wide range of conditions, of slightly lower 
clearances for the pyridone than for thiosulphate and inulin. Since the 
pyridone was not bound to the plasma proteins to any considerable extent, the 
results provide strong evidence that it is not excreted by the tubular cells of 
the kidneys, for if it were it would be necessary to assume that the pyridone is 
secreted and re-absorbed in roughly equal amounts by the tubules. The fact 
that the clearance was slightly lower than the glomerular filtration rate suggests 
that there may have been some re-absorption by the tubules, back-diffusion 
or adsorption on the plasma proteins. The possibility that a small proportion 
of the compound is adsorbed could not be excluded. 

Smith et al. (1945) have reported that the clearances of 2-pyridone-N-acetic 
acid, 5-iodo-2-pyridone-N-acetic acid (iopax), and 3:5-diiodo-4-pyridone-N- 
acetic acid (diodone) in the dog, and that of diodone in man, are much higher 
than the glomerular filtration rate. It is of interest to note that, although the 
chemical formulae of iopax and N-methy]-2-pyridone-5-carboxylamide differ 
only in the gature of the substituents in the 1- and 5-positions, there is a wide 
divergence between the clearances of the two compounds. It seems unlikely 
that this difference is primarily due to the presence of iodine in the 5-position 
in iopax, since Smith et al. found that the clearances of iopax and 2-pyridone- 
N-acetic acid were similar. The clearance of N-methylnicotinamide, presumably 
given as the chloride, has also recently been studied in the dog (Beyer et al. 
1950) and found to be greater than the glomerular filtration rate. Since it is 
@ pyridinium compound, however, there is no reason on chemical grounds to 
expect any similarity to a pyridone. , 

Investigations of the distribution of the pyridone in the body have shown 
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that it diffuses readily into the cells, but more slowly into the cerebro-spinal _ 
fluid. This delayed appearance in the c.s.f. is in conformity with the behaviour 
of many other compounds, both inorganic and ‘organic (cf. Krogh, 1946), 
A more exact determination of its volume of distribution at different times 
after administration could-not be made owing to limitations in the accuracy 
of the chemical determinations, to the relatively high rate of excretion and also 
to the extra-urinary loss of 4-10% of an injected dose. The fate of the missing 
4-10% was not studied, but it seems likely, from the high volume of distribu- 
tion, that the pyridone may be present in intestinal secretions and sweat. In 
comparison with antipyrine and closely related substances, which have been 
shown to be distributed in the total body water (Soberman, Brodie, Levy, 
Axelrod, Hollander & Steele, 1949; Brodie & Axelrod, 1950), the pyridone 
appears to be more slowly diffusible and more rapidly excreted. 


SUMMARY 
1. An improved method for the determination of N-methyl-2-pyridone-5- 
carboxylamide is described, which is applicable to blood, urine and cerebro- 
spinal fluid. 
2. The normal concentration of this compound in plasma was found to be 
ete y. low, in the region of 0-010 mg./100 ml. ; 

3. The renal clearance was determined in six adult subjects after the plasma 
concentration had been raised by various methods. The results indicated that 
the clearance was lower than the glomerular filtration rate, but higher than 
the urea clearance. No correlation with the plasma level was observed. 

4. Of an intravenously injected dose, 90-96% could be recovered in the 
urine. The rate of urinary excretion nage to decrease exponentially with 
time. | 

5. The volume of distribution ineithitetea to that of urea. The compound 
diffused readily into the blood cells, but more slowly into the cerebrospinal 
fluid. It was not adsorbed to any considerable extent on the plasma proteins. 

We wish to express our thanks to Prof. R, A. McCance, F.R.S., for his valuable advice and 
criticism throughout this work. We are also indebted to the subjects for their co-operation, to 
for her help in conducting the experiments. 7 
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THE ACID-BASE BALANCE OF THE SECRETING 
ISOLATED GASTRIC MUCOSA 


By TORSTEN TEORELL 
From the Physiological Institute, The University, Uppsala, Sweden 
(Received 17 July 1950) 


Discussion of the origin of the hydrochloric acid of the gastric mucosa must. 
deal with the acid-base balance of the mucosa, or rather its nutrient solution 
(blood or artificial solution). Early investigators drew the-attention to the 
‘alkaline tide’ in the blood or urine, which was regarded as a logical consequence 
of the acid loss to the gastric juice. The abundant literature in this field has been 
reviewed by Peters & van Slyke (1931), Teorell (1933) and Davies (1948). The 
experimental evidence has, however, been very conflicting, possibly because 
the im vwo conditions are subject to a number of compensatory influences 
(pancreatic secretion, etc.), which greatly diminish and obscure the expected 
changes towards blood ‘alkalosis’. These points have been critically discussed 
by Teorell (1933), who pointed out that it would be necessary to work on 
isolated and artificially maintained stomachs. Some attempts were made with 
the cat heart-lung-stomach preparation but they failed, partly because of an 
uncontrollable spontaneous formation of acid products of glycolysis. 

The employment of the isolated amphibian gastric mucosa, introduced by 
Delrue (1930-1935), offers many technical advantages as compared with the 
mammalian mucosa. Delrue noticed that the pH of the nutrient solution rose 
during secretion; and Gray, Adkison & Zelle (1940) obtained results ‘suggesting 
that alkali was being liberated from the muscularis surface’. No attempt to 


correlate quantitatively the HCl secretion with the alkalinization of the 


nutrient solution was made by these authors, although several previous in- 
vestigators had claimed that the amount of acid formed was roughly equivalent 
to the amount of alkali liberated into the venous blood of the stomach (cf. 
Hanke, Johannesen & Hanke, 1931). This was expected from the general view 
that the gastric acid was produced from the net reaction 


NaCl+H,0 ~HCl+ NaOH. 
Davies (1946, 1948) combined the Delrue technique with Warburg gaso- 


metric measurements, and reported an increase in the bicarbonate content of 
PH. CXIV. 18 
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the medium, which was equal to the amount of HCl secreted (to + 1-10%), 
signifying that the alkali liberated ‘was neutralized by CO, and passed into the 
nutrient solution as HCO, ions’. 


ends and the resulting little bag was placed in bicarbonate saline (gassed with 95% O, + 5% CO,) 
inside a Warburg manometer cup. When stimulated by histamine, acid production started. 
A concomitant uptake of CO, took place owing to formation of bicarbonate in the medium. After 
allowance for some lactic acid production it was found that the gas absorbed (and HCO; formed) 
was equivalent to the amount of HCI found inside the bag of mucosa, which ‘proves that the mucosa 
produces alkali, which is neutralized by CO, at the-same rate as it secretes acid’ (Davies, 1948). 

The material published by Davies concerns two normal bags and two typical ‘inside-out’ 
experiments. The correction for the lactic acid amounts to appreciable figures (up to 2/3), because 
the experiments were run for many hours. The determination of HCl was performed gasometrically, 
which probably gave less accurate results than a titrimetrical procedure (which was used in 
Davies’s subsequent papers). 


In connexion with experiments on the influence of temperature and ionic — 


milieu (Teorell, 1949) we had occasion to notice that the isolated frog mucosa 
in an unbuffered salt mixture as nutrient solution could secrete HCl when 
gassed with 98% 0,+2% CO, even at remarkably low pH figures (pH <5). 


. This fact opens up the possibility of a direct titration method for the deter- 


mination of the acid-base changes produced by the secreting gastric mucosa. 


It was thought desirable to use this new method on the problem of acid-alkali 


equivalence on a sufficiently large number of experiments to allow a statistical 
treatment. The results showed good equivalence between the net amounts of 
acid and base determinable respectively on the secretory and muscularis sides 
of the mucosa. 3 

The principle of the direct (titration) method consists in employing unbuf- 
fered salt solutions, which are continuously kept saturated with 98% O, +2°CO, 
both in the ‘recipient chamber’ (R-side) and the ‘nutrient chamber’ (N-side) 
surrounding the mucosa. These solutions attain a pH value of about 5 when the 
HCl secretion is at rest. During the secretion the R-side goes acid (to between 
pH 3 and 4), while the N-side turns alkaline (pH 5-5-6). After a suitable period 


the pH of the R-side and N-side are simultaneously restored to the initial values 


by micro-titration with 0-1 n-NaOH and HCl respectively. Obviously the 
titrated number of equivalents correspond to the net amounts of acid (mainly 
HCl), and alkali formed by the mucosa. The method is simple and accurate. 
A special advantage is that many secretion periods in succession can be 


examined during the same mucosa experiment. An important drawback is, © 


however, that the titrations include all base or acid-binding ions or groups 


present which are capable of reacting below pH 5-5-5, and not exclusively the 


H* ions deriving from the HCl, or its possible basic counterparts (cf. further 
comments on p. 274). 
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TECHNIQUE 

The apparatus supporting the isolated piece of mucosa was in principle that described by Teorell & 
Wereall (1945) and supplemented by water jackets for temperature regulation (Teorell, 1949). 
Glass electrodes were used on both the R- and N-side. Continuous recording of the pH, the 
mucosa potential (via calomel electrodes) and the R- and N- temperatures was achieved by the use 
of suitable d.c. amplifiers with high input impedance feeding a ‘Brown Electronic High Speed, 
6-point’ recorder. The calibration constants were frequently subject to appropriate controls. The 
R-chamber contained 3-0 ml., the N-chamber 10 ml., and the exposed mucosa had a diameter of 
12mm. Its mean dry weight was 8-3 mg. (s.p. + 1-8 mg.). Continuous gas bubbling in both chambers 
with 98% O,+2% CO, was maintained, The temperature was varied from 12 to 28° C. 


pH 


4 410 
S 

E 

3 

5 
0-1 N-HCI 


0 20 40 60 min. 

Fig. 1. A typical secretion period with final titrations. Horizontal broken lines indicate end-point 
pH’s; the results being 23 pl. 0-1 w-NaOH and 25 yl. 0-1 nN-HCl. The open circles denote the 
H-ion concentrations (right hand ordinate) as calculated from the pH’s recorded on the 

_ R-side; they show that the secretion rate is approximately uniform. 


The frogs (Rana temporaria) were from local sources and housed in a concrete froggery at 
16-18° C. No food was given for several weeks without deterioration of the condition of the 
animals, All washing during the preparation of the mucosa was done with 0-12 n-NaCl. The 
isolated piece of mucosa was usually kept in the nutrient solution with gas bubbling for 0-5-1 hr. 
before mounting it in the Perspex holder. 

The recipient solution (R) consisted always of 0-12 n-NaCl. The nutrient solution (N) was slightly 
hypotonic and composed as follows: NaCl, 85 mM./l.; KCl, 2mM./1.; CaCl,, 2mM./1.; glucose 0-15 %. 

Histamine hydrochloride was in all experiments added to the N-side to a final concentration of 
0-005 % after 10-60 min. depending on spontaneous secretion intensity, which varied over a wide 
range (the experiments were performed during winter and spring). : 
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Titrations were performed directly into the R- and N-chamber by means of two ‘Agla Micrometer 
Syringe Pipettes’ (40-0001 ml.). 0-1 s-NaOH and 0-1 n-HCl were used for the R- and N-side 
respectively. The additions were made in 5-10 yl. portions at intervals of about 1 min., the pH 
shift being followed on the ink recorder. The initial pH of the period was chosen as end-point for 
this ‘back titration’ (although it was sometimes found appropriate to use pH 5-0 for the R-side). 
It was important to bubble gas through rapidly to attain CO, equilibrium and good mixing. Each 
titration lasted about 2-5 min. The correction factors on the NaOH and HCl were determined with 
model titrations on known amounts of standard solutions added to the gassed R- and N-solutions 
in their chambers (now separated by an impervious artificial membrane). A small acid pa shift 
(-0-10) caused by the histamine-HCl does not disturb the results. 

An example on the titration of a typical mucosa secretion period is given in Fig. 1. 

The initial pH’s of the freshly renewed (gas saturated) R- and N-solutions were about 4-8-5-2 
depending on the temperature. In many experiments, however, the chamber contents. were not 
renewed after the titrations, so that the pH figures were sometimes higher or lower, than the 
‘normal’ value of about 5-0. Initial values in the N-chamber as acid as pH 4-3 seemed to give a 
perfectly normal secretion response. 

RESULTS 


The results presented below were obtained from seven different frog mucosae 
comprising a total of thirty-two collection periods ranging from 30 to 119 min. 
All values refer to a time later than 1-2 hr. after the setting up of the mucosa, 
in the apparatus in order to obviate the ‘recovery period’ following the pre- 
_ paration. The first 30 min. period following the histamine addition is also 
excluded. 

As an example of the results obtained Table 1 demonstrates the minimum and 
maximum secretion output (at 35 and 129 min. duration of secretion). 


TABLE 1. Minimal and maximal secretion response 
Recipient- Nutrient- 
side side 


Exp. 354/12 (35 min.) 


Initial pH 5-08 5-02 
Final p 4-60 5-08 
pH-shift — 0-48 +0-06 
0-1 n-NaOH titrated 2-0 
0-1 titrated (yl.) — 5-1 
Acid output (wequiv./min.) 0-006 — 
Base output (uequiv./min.) 0-014 
Exp. 353/7 (119 min.) 
Initial “% 4:77 4-96 
Final p 2-96 5-54 
pH-shift ~181 +0-58 
0-1 n-NaOH titrated (ul.) - 37-0 
0-1 n-HCl titrated (yl.) 43-0 
— output (wequiv./min.) 0-031 — 
Base output (wequiv./min.) 0-037 


The pH shift on the R-side, as well as of the N-side, can become quite appre- 
ciable, allowing rather good adjustment tothe end-points at the ‘ back titrations’ 
(the pH on the recorder can be read to 0-01 unit). 

The distribution of the actual titration results referred to the duration ofthe 
different secretion periods is.plotted in Fig. 2. 


> 
¥ 
> 
ig 
’ 


GASTRIC ACID-BASE BALANCE 271 


Asis seen in Fig. 2 there is only a slight tendency to a proportionality between 
time and the acid or base output as measured by the titrations. The large 
variation of the secretion rate is due to several circumstances: (a) individual 
variation of responsiveness in the frogs, (b) the mucosa has a varying response 
under different periods of a long duration experiment (sometimes more than 
6 hr.), (c) different temperatures, (d) different weights of the mucosa (the 
variation coefficient being + 22°). | | 


peequiv. 
acid in (R) 
4 
@ <20° (min. 12°) : ? 
© 20-25° 
© >25° (max. 28°) 
2+ 
10 20 10. 
Min. | 
: 
equiv. 
base in (N) | 


Fig. 2. The titration results of the whole material expressed as total amounts of acid and base 
present in the recipient (2) and nutrient (N) solution respectively. 


In order to get a clearer representation of the quantitative relationship the 
values of Fig. 2 were transformed into secretion rates (uequiv./min.) of the 
titratable ‘acid’ and ‘base’ formed. These are plotted in Fig. 3. The conventional 
two regression lines relating the variables ‘Acid’ and ‘Base’ were also cal- 
culated (according to Worthing & Geffner, 1943, chapters XI and XII). , 

Fig. 3 reveals a very good linear relation between the net amount of acid 
formed and the net amount of ‘base’ accumulated in the nutrient solution, The 
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correlation coefficient, r, is +0-98. The regression lines have the following 
equations: 

y’ = 1-162’ — 0-0088. | 
Here the y’s and 2’s denote wequiv./min. of acid and base titrated upon in th 
recipient and nutrient chamber respectively. The coefficients 0-93 and 1-16 
signify the proportionality constant between y and z. As this coefficient is 
practically 1-0, the result signifies that there is a chemical equivalence between 
the acid and base formation rates. The small deviation of the lines from the origin 
will be discussed later (p. 274). | 


0-06 F 


peequiv./min. acid production (R-side) 


0-06 
Heequiv./min. base production (N-side) 
Fig. 3. The relationship between the acid production rate in the recipient solution (R) and the 
corresponding base formation rate in the nutrient solution (N). The straight lines are the two 
regression lines (see the text). The large circles indicate individual results at different tempera- 
tures (cf. Fig. 2). The small, black dots denote results where the acid production was calculated 
from the pH recorded in (R). All figures refer to mucosa pieces of approximately 1-1 cm.? area. 


The mucosa ‘membrane potential’ recorded during most of the experimental 
periods had values between 0 to +9 mV. (the muscularis side being positive in 
the external circuit). This is considerably less than in the usual Ringer solutions 
employed by Teorell & Wersall (1945); Crane, Davies & Longmuir (19484, b) 
and Teorell (1949). It was quite evident from this series of experiments in 
unbuffered and ‘unphysiologically’ acid nutrient solutions that the mucosa 
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potential had no marked correlation with the HCl secretion. Such a causal cor- 


relation has been claimed by Crane et al. (1948) and others working in ‘physio- 
logical’ media (neither Teorell & Wersall (1945) nor Teorell (1949) could verify 
this statement). 

The oxygen consumption of the gastric mucosa in the nutrient solution has 
been investigated and compared with the figures obtained in normal phosphate- 
Ringer. The conventional Warburg technique was used (Teorell 1949). The 
results expressed as Yo, (per mg. dry wt.) are collected in Table 2. The table 
shows that the oxygen consumption was not significantly different in the two 
media. The figures (after histamine) of Qo,, between —2 and —4, are of the 
same order as those obtained by Teorell (1949). 


TaBLE 2. The oxygen consumption of isolated stofnach mucosae in different nutrient media 


(Qo, in pl./mg. dry wt./hr.) 
Before After Ratio: ‘after’ 
histamine _=histamine before’ 
A. Frog phosphate-Ringer (pH 7:4) 
2-51 —4-44 1-77 
2-31 4-08 1-77 
~—2-07 3-47 1-68 
— 2-46 -418 1-70 
Mean — 3-24 4-04 1-73 
B. Unbuffered N-solution (pH 5-5) 
- 1-96 — 3-22 1-64 | 
3-53 4-21 1-19 
— 1-33 — 1-93 1-45 
— 3-58 -514 1-44 
Mean ~-2-60 3-63 1-40 


The increased O,-uptake after histamine addition, discovered by Davies 
(1948), is very marked also in our experiments. It ranges between 19 and 77 %, 
with the lower values in the unbuffered N-solution. 


DISCUSSION 


It has been observed that isolated frog mucosa can secrete hydrochloric acid 
and respire normally in an initially unbuffered nutrient medium at a pH <5-5 
(down to 4-3). As the CO,-pressure was kept constant (corresponding to 
2vol. % in the gas phase), these figures would signify that the medium contains 
<1 mM. concentration of HCO, ions as calculated from the well-known 
Henderson-Hasselbalch equation. The high acidity and the low bicarbonate 
concentration does not seem to impair the viability of the mucosa. Gray & 
Adkison (1941) found that the omission of HCO, had little effect. No previous 
reports have been found on the remarkable fact that a nutrient medium 2 pH 
units more acid than a ‘physiological’ one does not seem to interfere with the 
functions of the isolated gastric mucosa. The respiration seems to be practically 
the same as in physiological phosphate-Ringer (cf. Table 2, above). The mean 


x 
‘ 
4 4 
% 
A 
4 
x 


274 TORSTEN TEORELL 


of the acid secretion rate in the N-solution was 0-0248 equiv./min. of the total 
mucosa, which corresponds to 0-18 pequiv./mg. dry wt./hr. This figure com- 
pares well with 0-05-0-25 which was obtained in phosphate-Ringer by Teorell 
(1949) for the interval 15-28° C. All these facts seem to indicate that the mucosae 
have behaved normally in the weakly acid, unbuffered media. 

The direct ‘back titration’ method has shown that there is a chemical equiva- 
lence between the titrable amounts of acid and base accessible in the recipient (R) 
and nutrient (N) solution respectively, surrounding the isolated mucosa speci- 
men. It is obvious that this method yields information only of the net amounts 
of available acid and basic radicals over the pH intervals involved in the . 
titration (being roughly pH 3-5 for the R-side and 5-5-5-0 for the N ~side). 
With the procedure employed, i.e. titration directly in the chambers in the 
presence of the mucosa, one may also expect some acid or alkali consumption 
and buffering from the mucosa itself. Accordingly, no indication of the presence 
of any specific acid like HCl, or base like Na, etc., in the solutions can - 
obtained without additional evidence. 

An attempt has been made to estimate the acid- and base-binding capacity of the two mucosa 
surfaces exposed towards the R- and N-solution. This has been difficult because practically all 
mucosae showed a more or less marked spontaneous secretion activity. In a few cases, with very 
slight activity, however, it was possible to add measured amounts of HC] and NaOH to the R- and 
N-solutions, which were back-titrated upon after about 1-2 hr. exposure. These ‘blanks’ showed, 
first, that some HCl disappeared from (R), in so far as the pH (at about 3) increased by 0-1 during 
the exposure and the recovery at the NaOH back titration showed a deficit of acid of 25%; 
secondly, there was some extra gain (about 10%) of titrable base on the N-side in spite of the fact 
that the pH tended to fall by about 0-1 (at pH 5-6). A satisfactory explanation is hard to give. 
If one assumes that the HCl loss, at least partly, is due to ‘back diffusion’ (cf. Teorell, 1933, 1947; 
Terner, 1949) one would calculate a still higher gain of acid binding on the N-side. A steady pro- 
duction of free lactic acid, as demonstrated by Davies (1948), would also interfere. One may also 
assume some tissue disintegration, because these non-secreting mucosae had a very low O,-con- 
sumption. 

Whatever the reasons for the above-mentioned somewhat conflicting findings may be, it is quite 
clear that’ the ‘resting mucosa blanks’ are of an order that is small as compared with the effect 
of a reasonably strong gastric juice secretion. It was remarked above (p. 272) that the regression 


lines deviated somewhat from the origin of the plot (Fig. 3). en ee ey 
now be looked upon as a ‘blank’ arising in the N-solution. 


It would be desirable to examine more closely the possible effects of lactic 
acid as well as of proteins, mucus and other possible compounds, which in the 
solutions, and on the mucosa, can compete with the hydrochloric acid and alkali 
ions. There is little doubt, however, that the HCl and alkali are in the main 
responsible for the observed quantitative chemical equivalence between what 
hitherto in this paper has cautiously been denoted ‘acid’ and ‘base’. 

A strong argument in favour of the view, that the ‘acid’ secreted actually is free HCl, is the fact 
that the amounts of free acid in (R) calculated from the measured pH values agree satisfactorily 
with the NaOH titrations as can be seen in Fig. 3 (small black dots). This indicates the presence 


of a strong acid. Even free lactic acid (pK about 3) would fail to give the low pH figures observed 
during the secretion experiments. 
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gave, for 40 yl. 0-1 x-HCl, a pH of 3-0, whereas the same amount of lactic acid yielded pH 3-5. The 
maximal acid secretion output in Table 1 (equivalent to 37 yl. 0-1 x-NaOH) corresponded approxi- 
mately to this condition. The observed pH in (R) was 2-96 i.e. very near to 3-0, which favours the 
supposition that HCl is the acid present in the secretion. = 

Whatever components participate in the acid-base balance between the 
R- and N-side they are certainly nicely adjusted to opposite equivalence. This 
condition may perhaps assist the mucosa tissue itself in retaining its own 
balance constant. Such a constancy of the mucosa acid-base-binding properties 
has been demonstrated on cat stomach mucosa (Teorell, 1933). The fact that 
the surrounding media are acid does not necessarily imply that the tissue pH 
changes from the physiological value of about 7. | 

It is.an astonishing observation that the gastric mucosa seems to be very 
insensitive towards changes of its ionic environment. This is certainly true as 
regards the hydrogen and bicarbonate concentration. A few preliminary 
experiments seemed to indicate also that a moderate variation of the tonicity 
of the N-solution employed, as well as exclusion of K+, Ca++ ions, or both, 
reduces the secretion ability but slowly (cf. similar observations by Gray & 
Adkison, 1941). | 

Some remarks may be added on the influence of temperature. In a previous 
paper (Teorell 1949) it has been demonstrated that the secretion intensity is 
accelerated by rising temperature (up to about 30°C.). Due to the relatively 
few frogs used in this investigation, and the manner the results are presented, 
no marked temperature influence can be observed (cf. Figs. 2 and 3). A closer 
examination of each single experiment has shown, however, that cooling 
markedly reduces the secretion rate. The temperature effects are perhaps 
less pronounced in the N-solution than in the normal frog Ringer. Incidentally, 
this simple device of shifting the temperature is very useful when one wishes to 
vary the secretion rate. : | 

The unusually low mucosa potential of about +4 mV. (0 to +9) has already 
been commented upon on p. 272. No clear correlation to the secretion rates 
could be observed, although it should be admitted that towards the end of a 
long run both millivolts and rates decline towards zero in parallel. 


SUMMARY 


1. Isolated frog gastric mucosa secretes hydrochloric acid and respires at a 
normal rate when suspended in unbuffered nutrient solutions at pH values as 
acid as 5-0, or even less. 

2. By working at pH <5, outside the dissociation range of H,CO;, where the 
buffering is low, accurate micro-titrations may be made with standard alkali 
and acid directly on the ‘recipient’ (lumen side) and ‘nutrient’ solutions 
(muscularis side), which surround the mucosa sheath. Thus the output of 
gastric acid from the lumen side of the mucosa can be determined and com- 
pared with a concomitant output of base from the muscularis side. 
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3. Over a wide range of secretion velocities it was found that the net amount 
of acid secreted towards the lumen corresponded to a chemically equivalent 
net amount of base given off to the muscularis side. 

4. Evidence is presented that the acid secretion is mainly HCl. The nature 
of the base output in the opposite direction has not been analyzed; it may 
consist of alkali. The average secretion rate was about 0-2 p.equiv./mg. dry 
mucosa/hr. 

5. Measurements of the 0, consumption in the acid media and in ordinary 
phosphate-Ringer solution showed similar values, although the ‘histamine 
effect’ (i.e. Qo, increase) seemed to be less pronounced in the former. 

6. The electrical potential across the mucosa was less than 10 mV. (often 
nearly zero), in the acid nutrient solutions and seemingly not related to the 
rate of secretion. 


- This work has been aided by grants from the Rockefeller Foundation and the Swedish State 
Medical Research Council. My thanks are also due to Miss Ingrid Ahrne for skilful technical 
assistance. 
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INITIATION OF SHIVERING BY COOLED BLOOD 
RETURNING FROM THE LOWER LIMBS 


By E. M. GLASER anp R. V. HOLMES JONES 
From the Department of Experimental Medicine, University of Cambridge 
; (Received 14 August 1950) 


It has been shown that shivering may follow immediately upon cooling of a 
large area of the skin (Jung, Doupe & Carmichael, 1937) and that it may also 
be a result of cooled blood passing from the limbs to the inside of the body 
(Uprus, Gaylor & Carmichael, 1935). The former mechanism is probably a 
nervous reflex initiated by receptors in the skin, while the latter may depend 
on direct cooling of some receptors or a centre inside the body. Such a centre 
may lie above the level of the pons (Bazett & Penfield, 1922) and below the 
level of the red nucleus (Barbour, 1940). 

The present investigation was based on the following considerations: _ 

(1) It is known that the blood flow through a cold limb is low (Barcroft & 
Edholm, 1943) and that, therefore, only a small amount of blood can return 
from it to the rest of the body. It seemed reasonable to expect that various 
measures aimed at increasing the blood flow through a cold limb might cause 
shivering. 3 

(2) It is known that the blood flow through the limbs increases during 
exercise, or more precisely, during periods of relaxation between muscular — 
contractions (Grant, 1938; Barcroft & Dornhorst, 1949). A limb, moreover, 
consists largely of muscle, and when it is immersed in cold water its muscles 
are cooled (Barcroft & Edholm, 1943). It seemed reasonable to expect, there- 
fore, that if a limb was first cooled and then exercised, enough cold blood would 

return from it to start off shivering. 


METHODS 


Eleven tests were performed on nine healthy men aged 20-37 years. Only three of them knew the 
purpose of this experiment, but all had taken part in similar tests before. They wore shirts, trousers 
and underwear, and their trousers were turned up to the middle of their thighs without causing 
constriction. They had no food for 2 hr. before each test. They sat still for 1 hr. before the first 
measurements were made, and for another 20-30 min. before their limbs were cooled. 

A cylindrical container holding about 30 1. of water was used, and the feet and legs were im- 
mersed in it to a depth of 35-40 cm. The limbs remained in the water until the end of each test, 
except in two instances which are specifically mentioned (Table 1). When the subjects were not 
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exercising, the water was intermittently stirred. The water temperature varied from 7 to 125° C. 
according to what each subject could stand without much discomfort, but it did not change more 
than 2° C. in any one test, The room temperature varied from 18-5 to 21-0° C. on different days 
(with the exception of one test which was performed at 24-5° C.), and it did not change more than 
1-5° C. in any one test. The room was kept free of draughts and no audible comments were made 
on the findings while the tests were in progress. 

Exercise consisted of alternate flexion and extension of the feet and toes performed with the 
greatest possible participation of the muscles of the shin and calf. The whole cycle was completed 
in 3-4.sec. This movement could be maintained as long as required, and it was probably slow enough 
to allow a high rate of blood flow between muscular contractions. When tourniquets were used 
they were applied to the lower third of the thighs and inflated from a pressure reservoir to about 
50 mm. above systolic blood pressure. If a subject was warmed by electric heaters these were 
placed in such a way that they might have been expected to produce superficial vasodilatation 
without causing vasoconstriction from overheating (Pickering, 1932; Grayson, 1949). When 
injections were given the syringe was prepared in another room. 

The skin temperatures of the feet were measured by a thermocouple attached to the skin with 
sticking plaster and that of other parts of the skin with a bare thermocouple mounted on a Glass Y 


piece (Glaser, 1949). The rectal temperatures were measured with a thermocouple mounted in a 


glass and rubber catheter which was inserted to a distance of 10 cm. from the sphincter and which 
ensured that the junction was resting against the anterior wall of the rectum. In this position the 
rectal mucosa is not cooled much by the large veins in the pelvis (Mead & Bonmarito, 1949), but 
it is still influenced by the temperature of the venous blood, especially if a large volume of blood 
is returning from a cold limb (Glaser, 1949). Readings were taken on a potentiometer to the nearest 
0-2° C. for skin temperatures and the nearest 0-05° C. for rectal temperatures. The reference junc- 
tions were kept in melting ice in an insulated container which was shaken before each measurement. 
In those subjects who were given injections the blood pressure and pulse rate were also measured. 


RESULTS 
Exercise during and after cooling of the feet and legs 
Table 1 shows that cooling of the lower limbs for periods up to 85 min. did not 


by itself cause shivering but that shivering began 4-17 min. after the cooled 
limbs were exercised, no matter how long they had been cooled before. Four 


TasLe 1. Immersion of feet and legs at rest and during exercise 


Subject ... om H M 8 T Bis WwW 

Interval between immersion of legs and 0 75* 23. 60* 85 35 
_ beginning of exercise (min.) 
Interval between immersion of legsand 15 79 40 65 9% 42 
Interval between beginning of exercise 15 4 17 5 10 

and beginning of shivering (min.) 
Fall of rectal temperature after begin- 0-25 0-5 0-2 06 0 0-4 

ning of exercise (° C.) . 
Water temperature (° C.) 7-9 10-11 95-115 10 £911 11-12 
Room temperature (° C.) 20 20 19 19 19 20 


* Legs withdrawn from the water and dried after 45 min. 


subjects shivered uncontrollably while two were able to stop if they wished to 


do so. Fine tremors in the thigh muscles were usually the first sign of shivering 
and these often became coarser before shivering was seen elsewhere. Shivering 
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always spread to the hands, and often most of the body was seen to shake. In 
these experiments shivering was never observed until the limbs were exercised. 
Before immersion into cold water or while the limbs were immersed and resting 
the rectal temperature never varied by more than 0-1° C., but Table 1 shows 
that the rectal temperature of all these subjects fell by 0-2-0-6° C. after they 
began to exercise their lower limbs. If the limbs were exercised before they 
were put into cold water there was no change in the rectal temperature and, 
as might be expected, no shivering. | 


mes Immersion of feet and legs 
eum Warmin of feet and legs 
wummms Exercise of feet and legs 


375 
37-4 
373 
37-2 
3741 
Rectal temp. 


Skin temp., foot 


Shivering 


10 
10 20 30 405060 70 80 90 100 


Minutes 11 
Fig. 1. Shivering after a cooled limb has been exercised. (Subject M.) 


Fig. 1 illustrates a further point. In this experiment the feet and legs were 
withdrawn from the cold water after 45 min. and warmed by electric heaters 
for the next 30 min. During this period the skin temperature of the foot rose 
by 6-3° C. but the rectal temperature remained steady and the subject did not 
shiver. Four minutes after he had begun to exercise, however, he started to 
shiver and continued to do so while the skin temperature of his foot rose by 
another 5:8° C. and his rectal temperature fell by 0:5°C. Shivering and a 
lowering of the rectal temperature were thus induced by exercising cooled 
limbs the surface of which had been warmed in front of a fire. 


Other methods of increasing the blood flow through the feet and legs 
Fig. 2 gives the result of an experiment in which reactive hyperaemia was 
induced while the limbs were cooled. Tourniquets were applied to the thighs 
before immersion and inflated at the moment of immersion. After 30 min. the 
tourniquets were released and the legs left in the water. One minute later both 
legs showed reactive hyperaemia of the skin below the level of the tourniquets, 
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and within 6 min. the subject was visibly shivering. At the same time his rectal 
temperature fell by 0-2°C. Since the limbs were warm when the tourniquets 
were first inflated, these findings may have been a result of a large amount of 
blood being trapped in the feet and legs. When shivering had ceased, therefore, 
the tourniquets were re-inflated, and this was followed by a rise in the rectal 
temperature (presumably because cooling of the rectum by venous blood had 
ended). After another 10 min. the tourniquets were again released and there 
was another fall of the rectal temperature as well as renewed shivering. This 
showed that shivering was indeed caused by an increase of the venous return 
during reactive hyperaemia. 


Skin temp., foot 


| Degrees 
Sb 


s Shivering 
| 
0 10 20 30.40 50 60 70 80 90100 110 
Minutes 
Fig. 2. Shivering after reactive hyperaemia has been caused in a cooled limb. (Subject R.) 


Subcutaneous injection of 1-8 mg. of adrenaline tartrate after cooling of the 
legs for 35 min. was followed by coarse shivering all over the body and a fall 
of the rectal temperature amounting to 0-5°C. At the same time the skin 
temperature of the hand fell by 3-8° C. but that of the face remained unchanged. 
The skin temperature of the immersed foot was already close to that of the 
water and no further fall could be expected. | 

Efforts to induce shivering in one subject by intravenous injection of 0-025 g. 
of 2-benzyl-imidoazoline hydrochloride (Priscol) after the limbs had been 
cooled for 30 min. were unsuccessful, although the skin temperature rose a little. 
It was intended similarly to inject this substance into another subject who had 
recently been treated for an acute anxiety state. When the syringe was 
produced the subject had a vasovagal attack with a fall in the heart rate and 
blood pressure, He was given no injection but the test was continued. Within 


10 min. his rectal temperature had fallen by 0-2° C. and he was shivering all 
over. 
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Unsuccessful efforts were made to induce reflex vasodilatation in lower limbs 
which were immersed in cold water by warming the upper half of the body with 
electric heaters. There was no increase in the skin temperature and no shivering. 
This method of causing reflex vasodilatation, however, often fails in the lower 
limbs even at room temperature. 

In those experiments in which tourniquets were applied or injections given, 
the feet and legs were exercised before they were withdrawn from the water. 
This was always followed by a fall of the rectal temperature within 3-5 min., 
irrespective of whether previous measures had already lowered it, and by 
shivering which seemed coarser than any which may have been previously seen 
in the same test. Apart from the responses described here, none of these subjects 
shivered or showed greater changes of the rectal temperature than 0°1° C. 


DISCUSSION 

. The nervous control of shivering. In the present investigation cooling of the 
feet and legs did not induce shivering unless measures had been taken to in- 
crease the blood flow through the lower limbs. The fact that shivering was 
always accompanied by a fall in the rectal temperature supports this, for it 
may be taken to indicate an increased venous return from the feet and legs 
(Bazett, Love, Newton, Eisenberg, Day & Forster, 1948; Glaser, 1949). 
Shivering, however, bore no relationship to the actual skin temperature of the 
feet (Figs. 1, 2). It may be concluded, therefore, that: (1) shivering depended 
on the cooling of a centre or some central receptors as suggested by Uprus 
et al. (1935); (2) this mechanism is quite distinct from the immediate response 
to cooling of the skin which was described by Jung-et al. (1937). 

The role of the skin. A rise of the skin temperature usually indicates that more 
blood is flowing through the skin. Fig. 1 suggests that such an increased blood 
flow was not enough to cause shivering. Injection of 2-benzyl-imidoazoline 
hydrochloride (Priscol) also caused a slight increase of the skin temperature 
but no shivering. -It may be concluded, therefore, that shivering was not 
induced by changes in the superficial blood flow. It must be admitted that 
adrenaline causes cool blood from all over the skin to flow to the inside of the 
body, but in the present experiment this may have had only a small effect. 

The role of the muscles. The events which were accompanied or followed by 
shivering were exercise, reactive hyperaemia, injection of adrenaline and a 
vasovagal attack. Exercise certainly increases the blood flow through the 
muscles (Grant, 1938; Barcroft & Dornhorst, 1949). There is evidence, more- 
over, that reactive hyperaemia (Lewis & Grant, 1925), injections of adrenaline 
(Allen, Barcroft & Edholm, 1946) and vasovagal attacks (Barcroft, Edholm, 
McMichael & Sharpey-Schafer, 1944) all do the same. It may be concluded, 
therefore, that in the present investigation the mechanism which initiated 
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shivering was always an increased blood flow through the muscles of a cooled 
limb. 

Practical implications. In a previous paper it has been suggested that hot — 
drinks or short periods of warming can increase the amount of heat lost from 
the body in a cold environment, but the question whether mild exercise would 
be an advantage was left open (Glaser, 1949). It would be tempting to conclude 
now that slow exercise in a cold place is also a bad thing because it increases the 
blood flow to cold extremities. Mild exercise, however, causes shivering, and 
this may more than counteract the augmented loss of heat. It cannot, thus, be 
predicted whether a person who is cold would gain or lose heat if he moved 
about a little, especially since the amount of cooling and exercise seem to 
bear no relation to the time of onset or degree of shivering (Table 1). Hard 
exercise, however, is certainly an advantage during severe cooling (Glaser, 
1950). 


SUMMARY 


1. When the lower limbs were kept still in cold water, for periods up to 
85 min., shivering did not follow. When, however, the limbs were exercised 
during or after immersion, shivering always followed within 4-17 90 
irrespective of the extent of previous cooling. 

2. When the lower limbs were cooled and resting, reactive sibhisdiiels a 
vasovagal attack and injection of adrenaline were also followed by shivering. 

3. It was concluded that increasing the blood flow through the muscles of 
cold limbs caused more cooled blood to pass from those limbs to the rest of the | 
body and that this, in turn, activated some centre or receptors of shivering. 


The authors are very grateful to Prof. R. A, McCance for his interest in this investigation. | | 


_ Allen, W. J., Barcroft, H. & Edholm, 0. G. (1946). J. Physiol. 105, 255. | 

Barbour, H. G. (1946). The Hypothalamus and Central Levels of Autonomic Function, pp. 476-7. | 
Baltimore: Williams and Wilkins. ' 
Bareroft, H. & Dornhorst, A. C. (1949). J. Physiol. 109, 402. 
Baroroft, H. & Edholm, 0. G. (1943). J. Physiol. 102, 5. ry 
Barcroft, H., Edholm, O. G., McMichael, J. & Sharpey-Schafer, E. P. (1944). Lancet, i, 489. ee 
Bazett, H. C. & Penfield, W. G. (1922). Brain, 45, 185. 
Bazett, H. C., Love, L., Newton, M., Eisenberg, L., Day, R. & Forster, R. (1948). J. appl. Physiol. 

1, 3. 

Glaser, E. M. (1949). J. Physiol. 109, 366. 
Glaser, E. M. (1950). Nature, Lond., 166, 1068. 
Grant, R. T. (1938). Clin. Sci. 8, 157. 
Grayson, J. (1949). J. Physiol. 109, 53. : 
Jung, R., Doupe, J. & Carmichael, E. A. (1937). 00, 28 
Lewis, T. & Grant, R. (1925). Heart, 12, 73. 
Mead, J. & Bonmarito, C. L. (1949). J. appl. Physiol. 2, 97. ls 
Pickering, G. W. (1932). Heart, 16, 115. 
Uprus, V., Gaylor, G. B. & Carmichael, E. A. (1935). Brain, 58, 220. 


| 
4 
| 
z 
| 
= 
a 
A 
¥ 
1 
| 
An. 
4 
REFERENCES 
‘ 
® 
q 


J. Physiol. (1951) 114, 283-295 


THE EFFECT OF INHALATION OF HIGH AND LOW 
OXYGEN CONCENTRATIONS ON THE RESPIRATION 
OF THE NEWBORN INFANT 


By K. W. CROSS anp PAMELA WARNER 


From the Physiology Department and Paediatric Unit, 
St Mary’s Hospital Medical School, London 


(Received 1 November 1950) 


Knowledge of the stages of development of reflex responses in the developing 
foetus or infant is clearly of great importance in the management of the new- 
born infant. The respiratory reflexes are of particular interest, and we have 
attempted here to establish whether or not the responses of the infant to high 
and low oxygen concentrations suggest that the carotid and aortic chemo- 
receptors are active shortly after birth. 

There is some theoretical evidence to suggest that this may not be so. Clark 
(1935) has brought forward evidence to suggest that the baroceptors of the 
carotid sinus and aortic arch are not active in the newborn cat and dog, and 
this is surprising in view of the early completion (histologically) of innervation 
of the carotid sinus compared with the later development of the carotid body 
(Boyd, 1950). Dripps & Comroe (1947), in their careful work on the adult 
human subject, found that there was an initial drop in the minute ventilation 
volume when high concentrations of oxygen were inhaled, and they also found 
that the volume increased when the inspired air contains 15°% oxygen or less. 
Howard & Bauer (1950), however, working with newborn babies, report that 
the minute ventilation volume rises with high concentrations of oxygen and 
falls when the oxygen percentage of the inspired air is lowered. 

To obtain clear-cut evidence on this matter from babies, who are notoriously 
active subjects, is a matter of great difficulty, and for this reason full details 


_ of the technique used are stated. Indirect evidence alone will be available from 


babies, and the concept of ‘physiological denervation by giving 100% oxygen’ 
as outlined by Dripps & Comroe (1947) has been used. These authors suggest 
that with 100° oxygen in the inspired air there will be no anoxic drive of the 
respiratory centre from the aortic and carotid chemoreceptors. 


METHOD 
The plethysmograph described previously (Cross, 1949) was used. This had been modified by 
changing the sponge-core rubber seal on the lid of the brass box for a mercury seal (Fig. or 
PH. CXIV. 
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the rubber tended to perish and leak; also, the baby could be released from the plethysmograph 
even more quickly than when the lid was held down with paper-clips. 

It was necessary to be able to supply any gas mixture to the baby while it slept and while a 
continuous record of the respiration was being made, and to ensure that any changes which occurred 
were due to an effect of the gas itself and were not caused by a disturbance arising from the method 
of application. A mask was designed which is also illustrated in Fig. 1. The gas passed from 
cylinders through a reducing valve and Heidbrink flow-meter to a Marriott’s bottle, where it was 
partially humidified by water at room temperature. From the bottle a further 3 ft. of rubber 
tubing led to the mask, and here a baffle plate was placed between the gas inlet and the face of 
the baby. The direction of flow of the mixture was from the forehead to the chin of the baby. So 
that the mask could be easily applied, the pneumatic cuff which sealed the baby in the plethysmo- 
graph was turned upside down, and the tube inflating it was passed through the wall of the 


plethysmograph. No attempt was made to make the mask absolutely airtight at its junction with — 


the lid of the plethysmograph, for, as gas was flowing through it at 5 1./min., it was unlikely that 
there would be serious dilution of the air in the mask by the outside air, as any leakage would be 
outwards. 
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Fig. 1. Diagrammatic longitudinal section of head end of the plethysmograph showing 
the mercury seal for the lid and the mask ‘used to supply O, to the infant. 


It was necessary to establish a rate of gas flow which was sufficiently fast to prevent the infant 
re-breathing its own CO, and yet sufficiently slow as not to disturb the infant by the draught of 
air. Tests with air from a compressed air cylinder established that a rate of flow of 5 1./min. (as 
measured on the oxygen scale of Heidbrink flow-meter) satisfied these conditions. Analysis, in 
Haldane gas analysis apparatus, of the air from above the forehead of the baby and from below 
the nose showed no increase in CO, in the ‘forehead’ specimen, but the specimen from below the 
nose showed up to 0:2% CO,, depending upon the phase of respiration at which the specimen was 
collected. The infants continued to sleep quietly in these circumstances. In a comparison of 
minute ventilation volumes of sleeping babies for the 5 min. before, and the 5 min. during which 
air was supplied by this method, it was found in a series of 12 observations that the means varied 
from 507 to 494 ml./min. on room air, and from 501 to 490 ml./min. on air supplied from a com- 
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pressed air cylinder (P>0-1). Fig. 2 illustrates the results from this series of control observations. 


_ In some of these experiments the babies had been in the plethysmograph for less than 20 min. 


before the control period started, and we think it is likely that the decrease in respiration rate and 
increase in tidal air during compressed air administration is a reflexion of the fact that we had not 
obtained truly basal conditions. 

The method of statistical treatment will be discussed below. 
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Fig. 2. Graph showing the means of the scaled figures for the control period and the means of the 
scaled figures for the test period on compressed air. The vertical lines represent the 95% 
confidence limit of the means. 


> 


After the baby had been receiving its air supply from a compressed air cylinder, the testing gas 
mixture was given. This gas, too, was passed through the Marriott’s bottle and, using a mask with 
such a considerable volume as the one described (1-5 1.), there was not an immediate change in the 
concentration of oxygen which the baby breathed. All our experiments were timed from the 
moment when the new mixture was applied. Serial sampling at 15 sec. intervals into evacuated 
sampling tubes showed that when 100% O, was admitted the concentration of oxygen in the mask 
had reached about 45% in 15 sec., and was very nearly 100% at the end of 1 min. This analysis was 
carried out in very few experiments, but the conditions were sufficiently standardized to presume 
similar resulte for all. 

An experiment would be regarded as ideal if an infant placed in the plethysmograph quickly 
settled down to apparent sleep. After the infant had been in the plethysmograph for 20 min. we 
hoped to obtain a period of 5 min. during which the infant slept with no movement of limbs or 
facial grimaces. At the end of this 5 min., the mask would be placed over the infant’s face, with 
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air from a compressed air cylinder already running into it at 5 1./min., and respirations during a 
further 5 min. of deep sleep would be recorded. At the end of this time the gas under test (100% O,, 
60% 0, +40% N,, or 15% 0, 4+85% Ny) would be turned on, and the baby was required to sleep 
for another period of 5 min. Finally, it was hoped to switch back to air from the compressed air 
cylinder while the baby was still in deep sleep without movement, so that the respirations should 
return to the control level. | 
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Fig. 3. Graphs showing the means of the scaled figures for the control period and the means of 
the scaled figures for the experimental period when the baby breathed (a) 15% O,, (b) 60% O, 
and (c) 100% O,. The vertical lines represent the 95% confidence limit of the means. 


As these infants were not narcotized, it will be realized that such an ideal experiment was seldom 
possible, and it was obvious that steps had to be taken to reduce the time as much as possible. 
As soon as it was established that air from a compressed air cylinder caused no significant change 
in the minute volume of the infant, the first two control periods of the experiment were telescoped by 
placing the mask on, with the air running, at the end of the 4th min. after the infant had reached 
‘basal’ levels, thus saving 5 min. In practice, also, the last 5 min. on air had to be abandoned, as 
we rarely obtained readings during it. 

The following criteria were finally set for the performance of a satisfactory experiment: 

(1) The infant must have been lying in the plethysmograph for 20 min. before recording was 
started. 

(2) The infant must have continued Ming quite still for a further period of 5 min., during the 
Jast min. of which the mask, with compressed air flowing, would be placed over the face—this was 
the control period. 

(3) The infant must have continued to lie still while oxygen/nitrogen mixtures were passed 
through the mask. We aimed to do this for a further 5 min., but less than this was accepted if the 
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infant moved or cried before the time elapsed. As it is our experience that the minute volume rises 
frequently in the minute preceding movement or crying, the minute before such movements was 
rejected from our results. ue 

(4) If the infant sighed during « satisfactory record, so that the pen overran the edge of the 
recording paper, the minute in which this occurred was rejected, but the rest of the record was 
accepted if there were none of the contra-indications stated above. 

Selection of material. The subjects used in this study were normal infants in the nursery of St 
Mary’s Hospital. There is no doubt that we have selected the more peaceful infants for this work, 
and it is possible that in making this selection we have unconsciously chosen babies who are at a 
different stage of reflex maturity from their more restless neighbours. At present we can see no 
method for determining the truth or falsity of such a speculation, but it should be noted that a 
baby that is restless on one day may be quite suitable for experiments on another. 

It will also be noted that the range of the minute volumes in the control periods tends to be lower 
than the range reported for normal resting babies in a previous communication (Cross, 1949). One 
was disinclined to persist in an experiment if the baby slept and yet showed a widely variable 
minute volume, It was felt that by applying the gas under test at a suitable moment one would 
to some extent be able to obtain results which fitted into preconceived ideas if these variable 
subjects were used. : 


RESULTS 


In order to obtain the results presented here, 269 observations were made on 
141 normal babies. From these we have been able to select 61 observations on 
36 different babies which have fulfilled the criteria for a satisfactory experiment. 

With the great range of minute volumes which normal babies exhibit (up to 
23% of the average of the control period in this series), it is obvious that a 
statistical analysis had to be made to determine whether the apparent changes 
following exposure to high or low oxygen tensions are part. of the normal 
variation of the baby’s respiratory pattern, or whether they are likely to repre- 
sent a real response to the gas under test. To make this analysis of the results 
from different babies who have been subjected to the same experimental 
procedure, it was necessary to scale the figures obtained for minute volumes so 
that a baby who had a high minute volume would not weight the mean results. 


_ The method chosen was to take the arithmetic mean of the five minutes of the 


control period and use this mean as a factor for converting the figures of the 
control period so that they would average 500 ml. The same factor was applied 
to the figures obtained for the experimental period. These scaled figures were 
then used in the statistical analysis. | 

An example will make this clear. With baby 1, Table 1, the arithmetic mean ~ 
of the 5 min. of the control period is 764, and multiplying all through by the 
factor 500/764, we obtain 522, 510, 496, 469 and 502. During the period when 
60% oxygen was being administered we obtain 422, 496, 576, 522 and 483. The 
figure of 500 ml. to which the results were scaled was chosen because it was 
approximately the same as the normal minute volume of the newborn babies 
(Cross, 1949). It is thought that this is a fair method of scaling the results, for 
it is found that there is a positive correlation between the arithmetic mean of 
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the 5 min, of the control period and their range; thus, by scaling up and down to 
a mean of 500 ml. one tends to equalize the range. 

Fig. 4 shows part of eight tracings from seven babies who breathed a mixture 
with a high oxygen concentration at the beginning of the second minute shown. 
It will be seen that within 15 sec. of administering 100° oxygen the tidal air 
diminishes with no marked change in the respiratory rate. After one minute 
of oxygen administration the tidal air returns towards the original value and the 
respiratory rate begins to rise. This general pattern is repeated, in different 


18. 3. 11. 50 


14. 1i, 50 


8. 27. iv. 50 (il) 


27. 50 (i) 


Fig. 4. Traces from 7 different babies, each showing the minute preceding and the 2 min. during 
the administration of 100 or 60% O, in inspired air. The time dimension has been shortened 
pantographically before photographic reproduction. The numbers and dates to the right of 

_ each trace may be used to identify the subject in the Tables 1 and 2. The lowest two traces 
for one baby show a sigh in each control period, which is very common in the sleeping child. 
Traces: Upper, respiration, inspiration downwards; lower, automatic integrator (Cross, 1949). 


degrees, in the other cases illustrated, but it is by no means always so clear-cut. 
The lowest two traces, which are from the same baby, are interesting because 
on each occasion when the baby received oxygen the tidal air temporarily 
diminished, although in the upper of the two traces the first minute on oxygen 
showed an increase in minute volume compared with the average of the control 
period (430 ml./min. compared with an average of 406 ml./min.), while, in the 
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lower trace, there is a diminution of minute volume in the first minute on 
oxygen compared with the control period (400 ml./min. compared with 
424 ml./min.). It should be further noted that the increase in the respiration rate 
may begin before the tidal air has returned to normal (e.g. baby 16, Table 2). 

Respiratory rates and tidal air volumes were corrected to standard figures of 
33 respirations/min. and 15 ml. by a procedure similar to that adopted for 
minute ventilation volumes. The actual arithmetic means for the 61 observa- 
tions are: | 

Minute volume 585-3 ml. Respiration rate 33-5/min. 

Hence average tidal = 17-47 ml. 

Tables 1, 2 and 3 show the results of experiments on 33 babies who breathed 
mixtures with high or low concentrations of oxygen. The actual minute volumes 
and respiration rates are recorded, but the arithmetic means and the standard 
deviations refer to the scaled figures. As the method of scaling used was one 
which depended on the mean of the control period, the standard error of the 
means of the control period are not given, for they have no independent 
_ variance. Significance was tested with ‘Student’s’ ¢ test, with t=(Z, —Z,)/o,,/n, 
where Z,=mean of control period, %,=mean of experimental minute under 
test, o,=standard deviation between babies for that minute, and », = number 
of observations in that minute. In Figs. 2 and 3(a)-(c), the arithmetic means 
for the scaled minute volumes, respiration rates and tidal airs are shown, and 
the 95% confidence limits for means obtained for the period of breathing the 
mixture are drawn in, — 

It will be seen that the pattern of the response to high oxygen is very 

similar to what would be expected from a close inspection of Fig. 4. There 
is a statistically significant fall in the minute volume during the first minute 
of administration of high oxygen, which is achieved by a highly significant 
diminution of tidal air. After this the tidal air returns to the original value, but 
the respiration rate increases, so that the minute volume becomes significantly 
raised compared with the control period. There is a strikingly similar pattern 
in the responses to breathing 100% O, or 60% O,. In the case of the responses 
of the babies to 15% Oy, we find that there is at first a statistically significant 
increase in the minute volume, which is not well maintained. This increase in 
the minute volume seems to be a mixed effect both on the respiration rate and 
the tidal air, although our results here are not very clear-cut. 


DISCUSSION 3 

Howard & Bauer (1950) have carried out a study similar to ours in ten infants, 
and record results which differ widely from our findings. They found ‘an 
average decrease in respiratory minute volume of 10° with the administration 
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of 12% oxygen’ and ‘an average increase in respiratory minute volume of 
30% with exposure to a concentration of oxygen, 42-74 % in the respired 
mixture’. 

The difference between our findings and those of Howard & Bauer may well 
be explained by differences of technique. They were using a plethysmograph 
with a neck seal, the disadvantages of which have been discussed previously 
(Cross, 1949). Further, they only state the minute volume for certain selected 
minutes (less than one reading for each 4 min. of observation, and the basis of 
selection is not stated). There is no information about the respiration between 
readings, which appears to be very important in view of our finding that the 
infant responds to high oxygen in a diphasic fashion. Howard & Bauer draw 
attention to the marked differences between their findings and those of Dripps 
& Comroe (1947), but it is felt that the lack of continuity of observation, and the 
less critical technique of the former, make this comparison inadmissible. 

In comparing our own results in babies with those of Dripps & Comroe in 
adults, we find that the general pattern of the changes in minute volume to 
high and low oxygen concentration is very similar, but in the babies the results 
seem to be more clear-cut. Thus Dripps & Comroe report that when adults 
breathe 100% O, after room air the minute ventilation volume diminishes by 
31%. The probability of obtaining this result by chance was 1 in 15. In the 
babies who were treated comparably, the diminution of minute volume was 
12%, and the probability of this being a chance finding was less than 1 in 100. 
We have no figures exactly comparable with theirs for low oxygen in the in- 
spired air, but while with their adults breathing 14-5 % O, there was an average 
increase of 0-5 |./min. (about 6-7%) at the 6-8 min., our babies, breathing 
15% oxygen, showed an increase in minute volume of 6-3% for the average 
from 0 to the 5th min., and the increase in the Ist and 2nd min. was highly 
significant. 

In making this comparison, therefore, either the baby is more sensitive in its 
response to oxygen-rich mixtures than the adult, or else the method which we 
have used detects this response more clearly than that of Dripps & Comroe. 
Our results on babies seem to lie somewhere between those of Dripps & Comroe 
on the adult human, and of Watt, Dumke & Comroe (1943) on trained un- 
anaesthetized dogs. By analogy with work on animals, we assume that the 
changes in minute volume to high and low oxygen are due to a diminished and 
increased drive respectively from the carotid body on the respiratory centre, 
but there seems to be no way of confirming this in the intact human subject. 

There is an interesting difference between the method by which the baby 
achieves a dimininished minute volume as an immediate response to high 
oxygen and the method employed by animals as described by von Euler & 
Liljestrand (1942). From Figs. 3(b) and (c) it is quite clear that the baby makes 
this adjustment by decreasing the tidal air only, whereas von Euler & Liljestrand, 
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working on chloralosed cats and dogs, state that there is an ‘almost instan- 
taneous, sometimes very considerable reduction in respiratory rate and 
amplitude’ when 100% O, was substituted for air, and Hejneman (1943) 
also found a decrease in respiratory rate as well as tidal air in rabbits anaesthe- 
tized with urethane. Thus, in these four species there is in all cases a diminution 
in tidal air in the 1st min. when high oxygen is given, but the baby appears to 
differ from the animals in not showing a diminution in respiration rate. We 
cannot exclude, of course, the possibility that this difference — upon the 
animals receiving an anesthetic. 

After the initial fall in minute volume when the baby is receiving 60% or 
100% oxygen, there is an increase above the resting value, and this increase 
we refer to as a ‘secondary rise’. This ‘secondary rise’ is recorded by Dripps & 
Comroe, and also by Alveryd & Brody (1948), who studied the respiratory rate 
and expired minute volume 20 and 30 min. after the inhalation of 100% 0, 
in adult human subjects. They found an increase in minute volume of 15-4% 
(s.p. =2°793, P<0-001). They state that the ‘respiration frequency showed a 
certain, though insignificant increase during oxygen inhalation’, but a study 
of their Table 1 shows that the mean tidal air of their five subjects rose from 
437 to 450 ml. per breath (+2-9°%), while the mean respiratory rate on 100% 
O, rose from 11-8 to 13-2 respirations per minute (+11-9%). Their findings 
show, therefore, that 80% of the increase in minute volume on high oxygen 
at 20-30 min. is due to increased respiration rate. In babies, we find that there 
is no average rise in tidal air in the 3rd—5th min. on 60% O,, but that the 
respiration rate is increased by about 9%; therefore the pattern in the two 
cases seems to be not essentially dissimilar. 

The mechanism of this secondary rise in minute volume to high oxygen has 
tion discussed by Dripps & Comroe (1947), but in the case of the intact babies 
we can clearly have nothing to add to this discussion beyond remarking that 
the reflex producing diminution of tidal air and the reflex response causing 
increased respiration rate can ee at the same time, as is well shown in 
Fig. 4. 

It would seem that hes response of the newborn baby to high and low 
oxygen suggests, by analogy with animal experiments, that the infant has an 
active carotid body reflex. The differences which are observed between the baby 
and adult animals may be attributed to species, age or anaesthetics, and there 
is at present insufficient information to be certain on these points. 


SUMMARY 
1. The changes in respiratory minute volume, respiration rate and tidal air 


have been studied in a series of normal infants in response to high and low 
oxygen concentrations in inspired air. 


2. As in the adult human subject, the innininttiahe response to high oxygen 
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concentrations is that the minute volume diminishes. In babies, this is due 
only to a decrease of tidal air. After 1-2 min. the minute volume rises, because 
the tidal air has returned to normal and the respiration rate has increased. 

3. With 15% O, there is an increase in minute volume, which is apparently 
due to slight increases in both tidal air and respiration rates. 

4; The comparable work on adult human subjects and adult animals is 
mentioned. The possible causes of the differences found are discussed, but in 
the absence of more detailed evidence on adult animals and man, no conclusions 
as to the causes of these differences can be reached. 


We wish to express our thanks to Professor A. St G. Huggett and Dr Reginald Lightwood, who 
have generously allowed us the facilities of their laboratories and wards, and who have helped us 
at all stages of the investigation; to the Medical Research Council, who paid the expenses of our 
technician, Mr T. R. Nichol, who has given valuable and conscientious work; and to the British 
Oxygen Company, who kindly made up the gas mixtures for this investigation and supplied them 
free of charge. 

who have cheeetally our 
interruption of ward routine in the Maternity Department. 

Particular thanks are also due to Mr P. Armitage, of the Medical Research Council Statistical 
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THE CENTRAL NERVOUS SYSTEM OF THE DOG 
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In the assessmerit of the possibility of a cholinergic mode of synaptic trans- 
mission in the central nervous system it is desirable to obtain the maximum 
amount of information on the distribution of the content of acetylcholine, the 
acetycholine synthesizing system and cholinesterase in different regions. This 
information is useful in three main ways: first, gross inequalities of distribu- 
tion might suggest that cholinergic transmission, even if applicable at some 
synapses, may not necessarily be applicable to all synapses: secondly, these 
same inequalities may indicate those synapses at which further study is most 
likely to provide a crucial test of the hypothesis; and thirdly, quantitative dis- 
crepancies between the respective data may call into question some of the basic 
assumptions which previous authors have used in devising tests of the theory. 

A considerable body of data on the acetylcholine content of the brain exists 
(see Feldberg, 1945), of which the most extensive data on single species is that 
of MacIntosh (1941) on the cat and dog. In considering the information on 
content it must be borne in mind, however, that it is influenced to a considerable 
extent by the method used in estimation. The problems of accurately estimating 
such a labile substance in the presence of both very active anabolic and catabolic 
enzymes are immense, and some of these difficulties have been illustrated in 
recent papers by Richter & Crossland (1949), Crossland (1950) and Elliott, 
Henderson & Swank (1950). The values on acetylcholine content available at 
present must therefore be regarded as tentative and possibly subject to 
considerable error. 

The only data on the distribution of the acetylcholine synthesizing system 
in a large number of areas of the nervous system are in the very thorough study 
which was carried out on the dog by Feldberg & Vogt (1948). 

Numerous authors have studied the cholinesterase content of a few parts of 
the brain, but owing to a variety of minor differences, of technique in estimation 

it is difficult to gather this information into a coherent body. Nachmansohn’s 


a 
4 
¥ 
*g 
4 
% 
4a 
j 
a 
>. 


CHOLINESTERASES IN BRAIN mee 


(1939) data are the most extensive to date by a-single author, but even so are 
not comparable in range to those of Feldberg & Vogt on the synthesizing system 
and, further, the work was carried out before the discovery by Mendel & Rudney 
(1943) that when ‘cholinesterase’ is measured with acetylcholine as substrate 
two enzymes, which may possibly differ in their functional significance, 
contribute to the value obtained. Where comparison has been possible there 
is excellent agreement between the results of Nachmansohn and those of the 
present authors. | 

Succinic dehydrogenase has been studied as a representative of the enzymes 
important in the general metabolism of the cells of the central nervous system, 
but which have not been shown to have any direct connexion with acetyl- 
choline metabolism. 


METHODS AND MATERIALS 


Adult dogs of various breeds ranging in weight from 10 to 35 kg. were used. The dogs were killed 
with coal gas and the nervous system was rapidly removed and placed in a dish containing ice-cold 
glucose-free Tyrode’s solution. The dissection of the nervous system was then immediately com- 
menced, taking special care over the following points: as exact identification of the anatomical 
sites as possible, separation from adjoining areas, e.g. dissection of the white matter off the under- 
side of cortex with minimal removal of the deeper layers of grey matter, and stripping of the pia 
mater, choroid plexus and any other visible blood vessels. The pieces of tissue were dried by 
squeezing with moderate pressure between two sheets of Whatman’s No. | filter-paper. If the 
tissue were not completely blood-free, it was squeezed a secorid time between filter-papers. The 
tissue was then transferred with a spatula to a small tared screw-capped bottle, weighed to the 
nearest 0-1 mg. and then placed in the refrigerator at about 4°C. until the estimation could be 
performed. If possible at least 50 mg. of tissue were taken ; it was of little value to attempt succinic 
dehydrogenase determinations with less than 150 mg. of tissye. The total time taken from the death 
of the dog until all the required samples had been weighed and stored was usually 2-2} hr. As 
Nachmansohn (1939) found, and has been confirmed by the authors, the enzyme in isolated tissue 
is stable and may be kept in the refrigerator until the following day without appreciable loss of 
activity. When succinic dehydrogenase was being estimated fewer samples were taken and the time 
taken for dissection was reduced to less than 2 hr. 


3 : Estimation of cholinesterase activity 

The estimations were carried out in the Warburg manometric apparatus at 37°C. using vessels 
with a volume of 18-23 ml. The tissue samples were transferred to chilled porcelain mortars and 
ground first with fine silver sand and then sufficient of a bicarbonate medium (NaCl 100 mm., 
NaHCO, 30 mm., KCl 2 mM., CaCl, 1 mM.) to give a suitable amount of tissue per ml. The tissue 
was then thoroughly homogenized with the medium, and 0-5-1-0 ml. was pipetted into the main 
compartment of the Warburg vessel. Sufficient medium was then added to make the volume up to 
1-8 ml.; 0-2 ml. of substrate was placed in one of the side arms of the vessel which was then 
equilibrated with 95% N,+5% CO, mixture giving a final pH of 7-6. Readings were taken at 
10 min. intervals for 60-120 min. and the values calculated from the period when the gas evolution 
was constant, always excluding the first 20 min. In calculating the amount of tissue added to each 
vessel it was assumed that the specific gravity of the sample was unity. The final substrate con- — 
centrations were: acetylcholine chloride (Merck) 12:7 mm.; pL-acetyl-8-methylcholine chloride 
(Merck) 35-8 mm.; benzoylcholine chloride (Hoffmann-LaRoche) 10 ma. Correction was made for 
non-enzymatic hydrolysis of substrate, and an attempt was made to correct for the gas evolution 
due to glycolysis, but this was irregular and partly suppressed by substrate. Since no glycolysis 
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substrates were added to the medium the small amounts carried over in the tissue were soon 
depleted, and consequently after 20 min. the gas evolution due to glycolysis was very small. If 
readings were commenced at least 20 min. after temperature equilibrium was reached, the error 
due to glycolysis was not important. . 

Our results are expressed in ‘Q’ units in which Q is defined as ‘yl. CO, evolved/g. wet weight 
of tissue/10 min. ’. 

A total of seventeen dogs was used in these estimations and each mean is based on three to 
nine individual values. The terms ChEI and ChEII are used as by Augustinsson (1948) as 
physiologically non-committal terms corresponding to what other authors call true and pseudo- 
cholinesterase, or acetylcholinesterase and cholinesterase. 

The results given in the tables are derived entirely from the manometric method. In calculating 
the value given in Table 1, col. 6, allowance has been made for the relative rates of hydrolysis of 
acetylcholine, acetyl-8-methylcholine and benzoylcholine. 

As the manometric method is somewhat insensitive considerable doubt remained whether the 
very low values obtained for optic nerve, corpus callosum, and frontal white matter represented 
any activity at all, and accordingly some experiments were done by a bioassay procedure which has 
a considerably greater sensitivity. 


Bioassay method for determination of ChEI 

The tissue was ground with m/60 Na,HPO,: NaH,PO, buffer (pH 7-25) and 1 ml. of this homo- 
genate was added to 4. ml, of the same buffer containing 50 uM. of acetyl-8-methylcholine. The 
mixture was incubated for 2 hr. at 30°C., the reaction then stopped by the addition of 0-5 ml. 
0-1 w-HC1 and the sample stored in the refrigerator until assay could be carried out. The residual 
ester was.assayed on the guinea-pig smal] intestine, using a method mentioned by MacIntosh & 
Perry (1950). The guinea-pig ileum was used, and was suspended in a modified Ringer-Locke 
solution of the following composition: NaCl 9 g./l.; KCl 0-42 g./l.; CaCl, 0-24¢./1.; NaHCO, 
0-2 g./l.; MgCl, 0-1 g./l.; glucose 1 g./l.; and mepyramine maleate (Rhone-Poulenc) 0-5 yg./l. 
Under these conditions the intestine is usually quiescent and gives a brief contraction to applied 
acetylcholine or acetyl-8-methylcholine. Samples can be added to the bath at intervals of 1-1-5 min. 
and a difference of concentration of 5% can be discriminated. At this substrate concentration the 
velocity of hydrolysis follows the monomolecular equation and the value of the calculated velocity 
constant k gives the enzyme activity. The correction for non-enzymatic hydrolysis is very small 
relative to the enzymatic hydrolysis. Correlation of these values with the manometric ones was 
achieved by running samples simultaneously by both tests and using the values obtained for active 
regions such as cerebellar cortex and caudate nucleus for conversion of the k values into Warburg 
valents, These results cleared any doubt of the validity of the Warburg results and showed 

the regions cited do contain ChE] in the low concentrations of the order indicated in Table 1. 


Estimation of succinic dehydrogenase 

Estimation of succinic dehydrogenase was carried out by the method of Kun & Abood (1949). In 
the control tubes an equal amount of brain was added but the sodium succinate was replaced by an 
isosmotic (2%) solution of sodium chloride. It was assumed that the colour developed in the control 
tubes was not due to succinic dehydrogenase and the value was accordingly subtracted from the 
total. 

It was found that in any given region the variability of succinic dehydrogenase activity from 
animal to animal was larger than the variations in the relative activity of different regions. For 
convenience the values are expressed as percentages of the activity of the cerebellum. 

The cortical areas were identified with the help of the cytoarchitectonic map of Klempin (1921). 
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RESULTS 


In many parts of the nervous system the concentration of cholinesterase is 
remarkably consistent from animal to animal; this may be noted especially in 
the caudate nucleus where. the coefficient of variation from the mean value 
for ChE T is only 10-1%, and in the cerebellar hemisphere where it is 14-4%. 
This makes it likely that the considerably larger variations encountered at 
some other sites are to be attributed partly to the greater difficulty encountered 
in obtaining anatomically identical samples and, in the case of areas with a low 
activity, to the lower relative accuracy of the determination at these levels. 
On the whole the variability of the ChE II determinations was lower than that 
of ChEI, probably because the total spread of the values is so much smaller 
that minor anatomical differences no longer constitute a serious source of 
error. In any case the uniformity of the results compares very favourably 
with the corresponding values for acetylcholine content and synthesis obtained 
by other authors. 

Table 1 gives the collected data for the hydrolysis of acetyl-8-methylcholine 
(QMeCh), benzoylcholine (QBenz), and acetylcholine (QACh). A suitable 
adjustment of the values in the first two columns can be made to allow for the 
slower hydrolysis of the ‘specific’ substrates as compared with acetylcholine. 
Under the conditions employed acetyl-8-methylcholine is hydrolysed by ChEI 
at 59% of the rate of acetylcholine, and benzoylcholine by ChEII at 85% of 
the rate of acetylcholine. These values are means of single values derived by 
simultaneous equations from estimations on regions containing predominantly 
(a) ChEI and (6) ChEITI. The agreement of the synthetic value so derived 
(column 4) with the Q ACh (column 3) is sufficiently good to make it unlikely 
that any enzyme unaccounted for by columns 1 and 2 contributes appreciably 
to the hydrolysis of acetylcholine in the dog brain. 


Distribution of ChE I 

Turning now to the figures for Q MeCh, in column 1, it will be noticed first 
that the ratio of the highest, the caudate nucleus at 3936, to the lowest, the 
sub-cortical white matter at 10, is nearly 400: 1, which is larger than the 
spread of values found by Feldberg & Vogt for synthesizing activity (anterior 
spinal roots : optic nerve, 42 : 1). It is evident then that ChE is distributed 
in a most uneven fashion in the brain. In the cerebral cortex the lowest values 
were found in the visual cortex (area 17) and the highest in the uncinate gyrus 
(area 51). Otherwise there is no obvious segregation of the cortical areas into 
groups and it is especially noteworthy that there is no important difference in 
activity between the motor and sensory areas. The cerebellar cortex shows 
a high activity which was found to be iiniform over the lateral lobes, the vermis, 
and the flocculus but higher values were obtained on the anterior lobe. The 
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Tazz 1. Distribution of cholinesterases in different regions of dog’s brain and spinal cord 


(1) (2) (3) (4) (5) (6) aa 
Activity 
due to 
Q@MeCh Benz QACh QOhEI, @MeCh ChETI | 
Area +8.D, Il QBenz (%)t 
Proreal gyrus 8 171+ 20(5)¢ — 331 
Precentral gyrus 6a 2374 38 (4) 35 71 442 6-77 9 
Postcentral gyrus 4a | 178+ 41 (6) 42 330 351 4:23 14 
Primary sensory cortex 3 150+ 25 (5) 282 
18, 19 114+ 12 (5) 27 232 225 4-23 14 
Posterior suprasylvian gyrus 20 162+ §81 (4) 46 —_ _— 3-52 17 
Cingulate gyrus 23, 24 2038+ 651 (5) 32 377 382 6-34 10 
pal gyrus 28 238+ 52(3) 49 =— — 5-12 12 
Uncinate 51 466+ 148 (8) 91 1872 897 5-75 11 
Cerebellar hemisphere 10754 156(7) 24 1864 1850 448 2 4 
Cerebellar vermis 228+ 489 (3) 
Cerebellar flocculus 814 303) — 
Cerebellar anterior lobe 1756+ 670 (3) 
Cerebellar dentate nucleus 530+ 300(5) — 
Cerebellar superior peduncle 333+ 97 (5) 90 654 670 3-70 16 
Cerebellar middle peduncle 243+ 68 (5) 50 582 471 4-85 13 
Cerebellar inferior peduncle 204+ 56(5) — 
Caudate nucleus, head 3936+ 396(9) 360 7450 7094 10-9 6 
Thalamus, dorso-lateral nucleus 409+ 97(7) 161 808 883 2-54 21 
us, massa intermedia 600+ 94(5) 194 1487 1245 3-09 18 | 
Lentiform nucleus 2606+1200(7) 318 4992 4794 8-20 
H us 323+ 37 (5 358 866 967 0-90 43 
nucleus 452+ 162 (5) — 1269 — _ — 
Periaqueductal grey matter 537+ 2065 (3) 
ry bulb 197+ 27(3) — | 
Fornix 50+ 22(3) 69 — — 0-73 49 
Optic nerve llt+ 7(5) 222 283 280 0-05 93 
tract 86+ 49(6 76 237. 235 38 
Lateral geniculate 204 8744) — 8 — | 
or corpus quadrigeminum 2+ 195 (6) 1619 17 5 
labels corpus quadrigeminum 3644 73(5) 184 811 833 1-98 26 | 
**Corpus callosum 16+ 13(7) 27 £62 £59 050 54 
Pes pedunculi 84+ 24(4) 114 237 276 0-74 49 
Medullary pyramids 41(6) 94 177 «250 086 41 | 
Lateral spinal columns 50+ 20 (5) 36 1-39 33 
Spinal grey matter 611+ 132(6) 218 2-80 20 
Anterior spinal root 149+ 57 (7) 20 212 275 7-45 8 Ke 
Posterior spinal root 34+ 21 (7) 20 82 81 1-70 29 | 
Posterior columns 36+ 7 (5) 39 — 0-92 43 
Nucleus gracilis and cuneatus 4774 91/4) — 998 — 
Pituitary posterior lobe 50+ 34 (3) 252 
Q MeCh, Q Benz and Q ACh =yl. CO, evolved/g. wet wt. of tissue/10 min. with ceegeerre B 
choline, benzoylcholine and acetylcholine respectively as substrates. For meaning of Q I 
and IT see text. 
* No significant difference was found between frontal and occipital white matter. 
** No significant difference was found between different parts of the corpus callosum. | 
+ Number of animals used for values in columns 1. 
} Percentage of total acetylcholine hydrolysed that is split by ChEII, derived by the formula a 
59 x Q Benz 
0-85 QMech. + 0-59 Q Benz." | 
| 
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caudate nucleus showed outstanding activity and it is probable that parts of 
the lentiform nucleus are no less active, but we were unable to obtain suffi- 
ciently consistent results with the latter to be able to give a reliable value. The 
thalamus was considerably less active than either of these, but it is interesting 
that a representative part of the intralaminar system, the massa intermedia, 
was somewhat more active than the dorso-lateral nucleus. 

The moderate activity of the hypothalamus was unexpected in view of the 
accumulating evidence of responsiveness to acetylcholine in this region 
(Emmelin & Jacobsohn, 1945; Pickford, 1947). The optic pathway shows an 
interesting sequence, a very low value for the optic nerve, a somewhat greater 
value for the optic tracts, a still higher value in the lateral geniculate body and 


the highest value in the superior corpus quadrigeminum, then a sharp fall to 


a very low value in the occipital subcortical white matter (including the optic 
radiations) and a low value in the visuosensory cortex (areas 17-19). The motor 
tracts also yield an interesting sequence, moderate in the motor cortex, very 


. low in the subcortical white matter, higher in the pes pedunculi, medullary 


pyramids and lateral columns, high in the spinal grey matter and moderately 
high in the anterior spinal roots. It is unfortunate that in some of these regions 
the motor tracts are perforce diluted with other structures. In the sensory 
pathway the ChE I concentration is low in the posterior roots and columns, shows 
a sharp rise in the nuclei gracilis and cuneatus, remains at about the same level 
in the thalamus and then falls off in the sensory cortex. In contrast is the 
comparative uniformity of the olfactory bulb, medial — body, inferior 
corpus quadrigeminum and uncinate gyrus. 


Distribution of ChEII 


When we consider the distribution of ChEII we are struck by the much 
smaller range of the values; the ratio of highest to lowest value is only 18 : 1. 


_ in the cortical areas the ChE bears a fairly constant relationship to the ChE I 


values. In the hypothalamus the QBenz is actually higher than the Q MeCh. 
It will be seen that in general the fibre tracts contain relatively large amounts 
of ChEH. The most strange results are those for the optic nerve and tract; the 
former is very low in ChEI and very high in ChEII, the latter contains 
moderate amounts of both enzymes. In view of Feldberg & Vogt’s evidence 
that the high choline acetylase activity of the optic tracts relative to the optic — 
nerves was due to the high activity of the commissural fibres, it seems possible 
to explain our results by assuming that the optic nerve fibres are low in both 
cholinesterases but are accompanied by an extraneural structure very high in 
ChEII, this might be the ophthalmic artery or structures associated with it. 
At the chiasma this structure is no longer present and the optic fibres are 
joined by a commissural component rich in both enzymes. 

20—2 
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Proportion of cholinesterase activity of the nervous system due to ChE II 

On the basis of the rather slight evidence provided by Mendel and co-workers 
(Mendel & Rudney, 1943+; Hawkins & Mendel, 1947), it has been widely 
accepted that the amounts of ChEII in the nervous system are negligible as 
compared with the ChEI. The final column of Table 1 shows that this is not 
true. In 80% of areas examined ChEII contributed more than 10% to the 
rate of hydrolysis of acetylcholine, and in 30% of areas more than 40%. It 
is therefore not sound to assume that in the special case of brain, the use of 
acetylcholine as a cholinesterase substrate effectively estimates only ChEI. It 
would seem unwise without further evidence to dismiss a possible funotonal 
significance for the ChE II present in the brain. | 


Distribution of succinic dehydrogenase 
The values for succinic dehydrogenase are seen in Table 2. It will be seen 
that the values for cellular parts of the nervous system are fairly uniform, 
although the caudate nucleus is the most active area. The fibre tracts are 
about one-eighth as active as this and the nerve trunks show a vey low 
activity. 


dehydrogenaes in diferent regions of dog's and spinal cord 


| | % 
Cortex area 4 134 
area6G 90. 

x area 18, 19 or corpus quadrigeminum 68 

Cortex area 8 72 rire corpus quadrigeminum ao” 
Cortex area 51 44 Corpus callosum 13 
Cerebellar hemispheres 100* Posterior columns 7 
middle peduncle Subcortical white matter 14 
terior spinal roots ce nerve 3 

Posterior spinal roots <2 


Corresponds to'an absolute activity of 166-7 yg. wet wt,/hr. 


The importance of these results is that they show that an enzyme believed to 
be of key importance in the general metabolism of the brain is distributed in 
a manner radically different from that of ChE; it is distributed in a compara- 
tively uniform manner amongst areas of comparable cellularity, This supports 
the view that the cholinesterase distribution is not connected with the ordinary 
cell metabolism, but subserves some specific function. : 


Comparison with acetylcholine synthesis 
In Table 3, columns 3, 5 and 6, the results obtained by Feldberg & Vogt 
(given as percentages of the activity of the thalamus) for acetylcholine synthesis 
distribution are compared with our results for cholinesterase. In most cases 
the ratio (acetylcholine synthesis)/(Q MeCh) x 100 falls within a comparatively 
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small range—in 85% of areas the ratio falls into the range 10-55. The areas 


outside these limits are the cerebellar cortex and the caudate nucleus with - 
ratios of 0°8 and 3-2 respectively, and the corpus callosum and the anterior 


spinal roots with ratios of 163 and 158, The correlation with the Q Benz is 
equally good, and in this case the only values that fall outside a compact range 
are the optic nerve at 2-5, and the anterior spinal roots which give the very 
high ratio of 1180, It should be emphasized that the figures in the table have 
no absolute significance, and allowing for the different methods of calculation 
in the two groups of experiments the mean rate of acetylcholine breakdown is 
about 800 times greater than the rate of synthesis under the conditions used. 


_ Tascz 3. Comparison of cholinesterase distribution, acetylcholine content and acetylcholine 
. synthesis of different parts of dog’s brain and spinal cord 


ACh ACh. ACh 


ACh synth. synth. synth. Q MeCh 
7 syn- ACh @MeCh QBenz ACh ACh 
Area Q MeCh Q Benz thesis content content content 
Cortex area 3 150 57 = 28 38 20 54 
Cortex area 4 178 42 71 455 40 =169 16 40 
Cortex area 17 107 — 58 2-2 54 — 26 49 
Cortex area 51 91 81 17 89 
Cerebellar he 1075 24 85 0-18 08 35 47 5970 
Superior. peduncle 333 90 59 18 6-6-—- — 
dle peduncle 243 50 60 25 120 
Inferior peduncle 295 36 12 — 
Caudate nucleus 3936 360 127 32 365 
Thalamus 409 33-0 24 62 33 #8136 
Red nucleus 452 87 19 
Superior corpus quadrigeminum 932 159 £44104 1-65 11 65 63 565 
ior corpus quadrigeminum 364 184 12 24 
Olfactory bulb 197 1-3 28 42 1651 
Hypothalamus (368. 36 32 82 231 
vo grey 611 218 128 £26 21 59 49 235 
ucleus gracilis and cuneatus 477 86 18 
Medullary pyramids 82 94 12-3 c. 0-2 15 13 62 410 
Pes pedunculi 84 114 22 26 19 
Corpus callosum 16 27 26 21 163 96 12 8 
Posterior spinal columns 36 39 10 ¢. 0-05 28 26 200 §# 720 
Optic nerve hl. 56 03 ..39 37 
Optic tract 86 76 35 41 46 
Anterior spinal roots 149 20 236 «15 158 1180 16 10 


QMeCh and Q Benz are as defined in Table 1 


* rb i & Vogt (1948). Percentage of activity of thalamus, whose mean synthesizing power 
be ch g. acetone powder 
toh (1941). acetylcholine/g. brain. 


Comparison sith acetylcholine content 


There are no figures available on the acetylcholine content of the nervous . 
system from the work of a single author that are complete enough to offer 


a really satisfactory comparison with the figures given above. However, 
MacIntosh’s (1941) figures for cat brain and dog spinal cord are the best 
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available, and it seems more valid to use such figures than to jumble together 
results from a number of workers. From Table 3, columns 4, 6 and 8, it can be 
seen first that the correlation between the acetylcholine content and the 
acetylcholine synthesis is quite good: The correlation between acetylcholine 
content and cholinesterase is less good, the cerebellar hemispheres, corpus 
callosum, and anterior spinal roots showing the main discrepancies. 


DISCUSSION 


The reasonable degree of correlation found in most areas between the three 
components of what may be called the acetylcholine system are gratifying and 
support the suggestion put forward by Feldberg & Vogt that there may be two 
types of neurone in the nervous system, one rich in the acetylcholine system 
and the other lacking in this system, and that these two may be correlated with 
@ cholinergic and non-cholinergic mode of synaptic transmission respectively. 
‘The discrepancy between the anterior spinal root values for cholinesterase 
and those for synthesis and content may be due to a peculiar situation of the 
synaptic cholinesterase. At the neuromuscular junction almost all the 
cholinesterase is on the post-synaptic cell surface (Couteaux, 1947; Koelle & 
Friedenwald, 1949; Brooks, 1951) and it is affected little by degeneration of 
the motor nerve. It may be that this is an evolutionary change and has been 
associated with a corresponding loss of cholinesterase in the motor nerve fibre. 
This is in marked contrast to the autonomic ganglia where almost all the ChEI 
disappears on degeneration of the preganglionic nerve (Sawyer & Hollinshead, 
1945). It would be interesting to know whether the synapses in the central 
nervous system resemble the neuromuscular junction or the sympathetic 
ganglion in their distribution of cholinesterase and experiments to test this are 
now in progress. 

At present it does not seem possible to offer an adequate explanation of 
the high ChEI of the cerebellar hemispheres. It may be however that one of 
the several unique cell types of the cerebellum is unusually rich in this enzyme. 
The gross distribution of the enzymes described in this paper forms a basis 
for further study of the more detailed anatomy of the neurones containing the 
acetylcholine system by the histochemical procedures currently being developed 
in this and other laboratories. This appears to be the most profitable approach 
to the further understanding of the functions of these enzymes. 


SUMMARY 


1, The amounts of cholinesterases I and II and of succinic poerigeme 
have been measured in a large number of areas of the dog’s brain. 

2. The amounts of both cholinesterases are widely different in distinct 
anatomical sites, although consistent from animal to animal. 
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3. In many parts of the nervous system, ChEII is present in important 
amounts. 

4. Succinic dehydrogenase is present at a fairly uniform level in all cellular 
areas examined, but smaller amounts are found in the fibre tracts. 

5. The correlation between the amount of cholinesterase, acetylcholine 
synthesis and acetylcholine content is good, the main exceptions being the 
cerebellar hemispheres with a disproportionately high cholinesterase content 
and the anterior spinal roots with a low cholinesterase content. 


We are grateful to the Defence Research Board of Canada for a grant-in-aid. 
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THE RELATIONSHIP BETWEEN MAMMALIAN FOETAL 


By A. 8ST G. HUGGETT W. F. WIDDAS 
From the Physiology Department, St Mary’s Hospital Medical School, London 
(Received 18 November 1950) 


Sheep foetal weight and length data have been collected for the purpose of 
checking foetal age and in the course of this work it has been found that the 
cube root of the foetal weight gave a linear plot with age from the 50th day of 
pregnancy to full term. The purpose of this paper is to describe this result and 
to indicate how the cube root relationship may be extended to other mammalian 
data, and to discuss its significance in comparative foetal physiology. 

Early attempts to find empirical formulae relating foetal weights to age 
from conception have been extensively reviewed by Needham (1931). The 
majority of these involved a linear relationship between weight and a power © 
(approximately the third power) of the time or, alternatively, a relation 
between time and a cube or higher root of the foetal weight. 

Greater precision was brought to such formulae by McDowell, Allen & 
McDowell (1927) who introduced the concept of embryo age and obtained 
a formula, essentially of the power type, relating log weight and log embryo age. 
The embryo age was arbitrarily determined to commence with the appearance 
of the primitive streak (7-2 days for mouse embryos, 12 days for guinea-pigs), 
and the powers obtained varied from 3-65 to 3-99 for the mouse and guinea- 
pig respectively. 

The power obtained in this way is very sensitive to small changes j in the 
_ arbitrarily fixed zero embryo age which has no sound physiological basis. 

If a steady state of growth exists during foetal development one. would 
expect it to be most free from complications when the foetus has the environ- 
mental stability such as provided by an established placental circulation. 
It would be an advantage therefore if weight and age data for the last half or 
two-thirds of pregnancy could be represented without using the arbitrary 
expedients necessary with logarithms. 

This problem faced us in our endeavour to obtain a representation of aellented 
data of weights and lengths of foetuses from Welsh ewes, which could be used 
for checking foetal ages. _ 
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METHOD 


In the course of experiments on pregnant Welsh ewes over four breeding seasons, foetal weight and 
length measurements have been taken as a routine. The length measurements made were two in 
number—both from the frontal boss to the root of the tail (boss to ramp, B-R). The first was 
a direct B-R length measured with a straight edge on the body; the second, a circumferential 
B-R length measured with a tape following the contour of the dorsal midline. In both cases the 
dead foetus was laid out straight lying on its side on a flat surface and was unstretched. The mean 
of these two lengths (L) gives a reasonably linear plot against foetal age (Fig. 1) similar to the plot 
of crown-rump length and age given by Barcroft & Kennedy (1939) and by Barcroft (1946). 
The results were analysed statistically and the regression line obtained from the data of 
55 singletons was L =0-45(¢ — 34) where ¢ represents the conception age in days and L the mean 
B-R length in cm. The 95% confidence limits are indicated by the dotted lines in Fig. 1. 


— 


40 50 60 70 80 0 100 110 120 130 140 150 
| Days pregnant 


Fig. 1 1. Plot ‘of mean length for foetal sheep against conception age. ne 
L =0-45(t - 34), where ¢ is conception age in days. 95% confidence limits represented by 
dotted lines. 


The weight measurements were the weight of the dead foetus alone (i.e. without placenta or 
fluids. Weights were expressed in grams. In the ordinary way, weight data could not be analysed 
statistically and a plot of log weight was found to be concave to the time axis. But if, as shown in 
_ Fig. 1, the B-R length increases linearly with age, one would expect, on a principle of similitude, 
that the volume or weight would tend to increase as the cube of the age or the cube root of the 
volume or weight as the age. Since the line relating B—R length and age intercepts the time axis 
at 34 days and not at zero it was decided to plot the cube root of the weight against foetal age. 


RESULTS 
Foetal weight and age data 
The weight data from 55 singleton sheep foetuses are represented. in Fig. 2 
where the cube root of the weight has been plotted against conception age. 
Expressed in this way a reasonably linear plot was obtained which could be 
treated statistically, the regression of W+ on age giving the formula 


Wt=0-147 (t—37), (1) 


ig 
50 
40 L=045 (t-34) _---9-_-- 
30 
4 
20 
» 
ot 
- 7 
0 4 
: 
4 


we A. 8ST G. HUGGETT AND W. F. WIDDAS 
while the regression of age on W* gave the formula 
Wt =0-149(¢ — 38-6). (la) 
The confidence limits are again indicated by the dotted lines. (Theoretically, 
estimations of age ought to be based on the regression of age on cube root of 
weight, but for practical purposes the two regression lines show only trivial 
differences.) | 
18 
12- 
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(Weight in 
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Fig. 2. Plot of cube root of weight of foetal sheep against conception age. Continuous line drawn 
to equation Wt=0-149(t - 38-6); 95% confidence limits indicated by dotted lines. 


This representation of weight coupled with the plot of B-R lengths proved 
satisfactory in checking the age of sheep foetuses where ‘tupping’ dates were 
in doubt and has been reported elsewhere (Huggett & Widdas, 1950). It was, 
however, decided to investigate whether this method of representing foetal 
_ weights could be applied to other mammals. For this purpose foetal weight 
and age date published by various authors have been used. In these cases 
statistical analysis was not used to obtain the equation of the line, since most 
of the points represent means, but lines have been fitted by inspection and are 
to this extent therefore tentative. 

The data first available were those due to Hammond (1914) on foetal rabbits 
quoted in Barcroft’s Researches on Prenatal Life (1946), and are represented 
in Fig. 3. Apart from the first two points which represent foetuses of 10 and 
_ 70 mg. respectively, the linearity of W* against age is reasonable. 

The weight data for the embryo mouse obtained by McDowell et al. (1927) 
represented in the same way are shown in Fig. 4. The results fall satisfactorily 
_ about a line having the formula 


Wi =0-102(t—8) (2) 
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and the intercept at 8 days may be compared with 7-2 days arbitrarily deducted 
by the above authors in estimating embryo age. 

A similar representation of Draper's smoothed data (1920) for the guinea-pig 
foetus is shown in Fig. 5. These results fall about a line having the formula 


Wt =0-09 (¢—16) (3) 
3- 
Wh=0-20 (t-12) 
Days 
Fig. 3. Plot of cube root of weight against conception age for foetal rabbit. 
Weight data from Hammond (1914). 
12) 
10 
08 
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Fig. 4. Plot of cube weight against conception age for embryo mouse. Continuous line drawn to 
equation Wt =0-102(¢ —8). Weight data from McDowell et al. (1927). 


which is as good a fit to the data from 20 days to full term as can be expected 
from any simple formula. 

In Fig. 6 Friedenthal’s(1914) data for the human foetus are represented in 
this manner and although the fit here is less satisfactory than in earlier examples 
it is unlikely that conditions could be so uniform as is possible in animal 
experiments. Data for the rat, pig and cow have been treated in similar 
fashion. 
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Fig. 5. Plot of cube root of weight against conception age for foetal guinea-pig. Continuous line 
drawn to equation Wt =0-09(¢ ~ 16). Weight data from Draper (1920). 


14+ 


Wt= 0063 (t—33) 


60 120 150 180 210 240 270 300 

Days 

Fig. 6. Plot of cube root of weight against conception age for human embryo. Continuous line 
drawn to equation Wt =0-063 (¢ - 33). Weight data from Friedenthal (1914). 


3 
tbe 
4 
bf 
a 
4 
Ei, 
< 
4 
a 
: 
‘ 
q 
4 
be 
“a 
a Ra” 
A 
¥ tty 
‘ 
om 
4 Days 
a 
fe>, 
3 12 0° 
F 
10 
wt > 
8 
6 
i a 
a 
4 


. FOETAL GROWTH | 311 


Use of birth and weight gestation times 
Data of intrauterine foetal weights and ages are available for only a limited 
number of mammals and thereby limit the scope of comparative study, but 
if it can be accepted that foetal development during a substantial part of 
pregnancy up to full term can be adequately expressed by a general formula 
of the form 
Wt=a(t—t), (4) 


then it is possible to use birth weight and gestation time data and so extend 
the field of comparison. 
Since Wo volume o J from equation (4) 


that is, dimensionally, a may be taken as a velocity. 


(Birth weight)? 


ta) > 


Gestation period —————> 
Fig. 7. Illustration of way in which birth weight and gestation time data can be used to determine 
a, the specific foetal growth constant. For details see text. 


For the present purpose a may be termed the Specific Foetal Growth Velocity 
and is the slope of the line relating W* and age (t) as indicated in Fig. 7. 

It is peculiar to the mammal concerned and is most suitable for comparing 
rates of foetal development in different mammals. 

The term f) is the intercept where the linear part of the plot, if produced 
backwards, cuts the time axis, It has no clear biological significance in foetal 
development, but if the numerical value of f) can be estimated from analogy 
with other mammals for which foetal weight and age data are available, then one 
known weight (W) and time from conception (¢) would be sufficient to deter- 
mine the value of a for the mammal concerned, 
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TABLE 1. Formulae from published intrauterine weights and ages: 


Wi=0-102 (¢-8) Mouse 
Wt=0-17 (¢-11) Rat 
Wt=0-20 (¢- 12-5) Rabbit 
Wt=0-09 16) Guinea-pig 
W=0-147 (t-37) Sheep 
(¢-50) Cow 
Wt=0-063 (¢-33) Human 


General formula Wt =a(t ~ to) 


wt Whale 


Fig. 8. Plot of cube root of birth weight against gestation time less the estimate of t,. Continuous 


Chart compiled from data due to 
(2987). 


The janes used can be the birth weight and the total gestation time and in 
consequence, if the cube root of the birth weight is plotted against gestation 
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time less the estimate of t,, the line from the point to the origin will itt the 
slope a. 

The estimate of ¢, from the existing data (Table 1) is based on the observation 
that f increases as gestation times lengthen but forms a decreasing fraction of 
the total gestation time. 

In spite of the approximations which must necessarily be used, the procedure 
shows certain remarkable features which are illustrated in Fig. 8, compiled 
from Przibram’s data (1927). In analysing these data the following arbitrary 
estimates of t, have been used; for gestation times up to 50 days t=0-4 x 
(gestation time), from 50-100 days 4=0-3 x (gestation time), from 100-400 
days t=0-2 x (gestation time), over 400 days, 40-1 x (gestation time). 

These approximations may introduce an error in the specific growth rate of 
the order of 15% in the slopes for animals of short gestation period. The errors 
from this cause for mammals with gestation periods over 50 days is unlikely 
to exceéd 10% unless some factor such as delayed implantation is also present. 
These errors are indicated by the horizontal lines through the points in Fig. 8. 

The first feature of note is that there is a lower range of the specific foetal 
growth velocity where a=0-05, in which are found the Primates, including 
uistiti, lemur, macacus, mandrill, chimpanzee and man. The only non-Primates 
in this region are the ermine, bear, roedeer and moschus, all except the last 
quoted by Asdell (1946) to be animals in which delayed implantation occurs, 
a circumstance which has not been allowed for in the estimation of the constant 
ty. An increased value of t, would reduce (¢—t,) and displace the points repre- 
senting these mammals to the left as indicated by the arrows. 

The highest value of a (0-20), greater than a for Primates by a factor of 4, 
is represented by the marmot, rabbit, hippopotamus and eland, but the ~ 
majority of mammals quoted fall on an intermediate —_ in which a 
=0-12—0-15 cm. 


DISCUSSION 


The ideas of a one-third power relationship between foetal weight and con- 
ception age was first advanced:by Roberts (1906). Later Balthazard & Dervieux 
(1921) put forward the formula 7=19-4 x *,/W for the human embryo and 
Schmalhausen (1927) reported that for the chick embryo *,/WocT. Murray 
(1926), also using the chick embryo, found that his results were well represented 
by the relation oc T. 

All these formulae were endeavours to relate weight and time measured from 
date of conception without making any allowance such as advocated by 
McDowell et al. (1927). The results in Figs. 2-6 show that the cube root 
relationship is not one which can be made to fit when age is measured from 
conception, but nevertheless, adequately expresses foetal development over 
a sateen period of pregnancy when expressed in terms of a general formula 
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Note. Included in these 
other of 16 foetuses 21 days old and av: 
the total number of foetuses weighed to give the mean. 
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such as (4) containing a constant term ¢ which must be deducted from the 
conception age. | 

This formula, which is simple and easy to work with in the laboratory for 
checking foetal ages, also provides a constant which is the specific foetal growth 
velocity and which can be used in comparing foetal development in different 
mammals. Previous authors have tended to regard the coefficient log weight/log 
time as the growth velocity but without a dimensional justification. 

The influence of the number of young on this growth velocity is less than 


‘might be expected. In the sheep, for instance, lengths and weights of twins 


up to 90 days do not differ significantly from singletons. Beyond 90 days the 
individual weight increase falls off relative to singletons but the slope of W? 
plotted against time only decreases from 0-147 to 0-122 during this period. 
In the rat, analysis of weight data from 120 litters does not show any significant 
decrease in foetal weights with increasing litter size (Table 2). The growth 
velocity would therefore appear to be determined not so much by the parent’s 
ability to nourish and maintain the growing foetus or foetuses, as by the 
foetuses themselves. 


TaBLE 2. Relation between average individual foetal weight (g.) and litter size 


Comparisons of the specific growth velocities of different mammalian foetuses 
would appear to show considerable promise. Although for the present relying 
on birth weights and gestation times, the differences between the Primates and 
other mammals are much greater than could be accounted for by possible errors 
in the approximations used. The clear-cut grouping of Primates suggests a 
genetical influence on the different rates of foetal development. | 

It is interesting to note that among the mammals in the intermediate range 
of Fig. 8, the period of linear growth is determined by the size of the foetus at 
birth. Thus, as the birth weight of the young is increased the mammal does 
not grow its young-quicker, along a steeper slope, but must grow its foetus for 
a longer time. This will offer an explanation of Rubner’s finding in 1908 that 
in all species except man the birth weight is proportional to the gestation time. 
Mammals producing the largest foetuses, such as the elephant, are obliged on 
the same principle to extend their period of gestation into a second year. 


Litter size Mean foetal weights 
and number of 
l 2 3 4 5 aay | 8 9 10 li foetuses 
— _ — — 0050 — 0040 — —_ — 0-045 (14) 
— 0103 0-127 — 0102 — O18 — — 0-134 (26) 
a — — 0-227 0-281 0-236 0-270 0272 — 0-265 (93) 
— — — 0476 0-382 0-434 0-420 0-439 0-444 0-381 0-464 0-428 (287) 

— — 0683 — 0671 0-750 -0-764 0-727 0-790 — — 0-742 (140) 
365 — — 304 2-74 2-263 2-28 2-83 — — — 2:81 (43) 
450 — — 446 .— 401 401 449 3-96 —_ — 4-32 (70) 


figures are two litters, one of 13 foetuses 16 days old, average weight 0-410 g., and the 
foetal weight 4-52 g. The bracketed numerals in the last column are 
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As it is almost universal experience that breeding cycles are synchronized with 
seasonal variations, this fact might suggest that because of some fundamental 
rule of nature a 1-year growth period for the elephant was not possible, or, in 
other words, that the limits of natural variation in specific foetal growth 
velocity are more or less represented by the continuous lines in Fig. 8. 
A®shough the continuous lines of Fig. 8 may represent the limits of natural 


oe variation for land mammals, the Cetacea, which are sometimes referred to as 


the most aberrant mammals, must be gross exceptions. The gestation period 
for Blue and Fin whales is generally held to be under 1 year and analysis of 
length data provided by the International Whaling Statistics, by methods such 
as those followed by D’Arcy Thompson (1942), leaves little room to doubt such 
estimates. During this period a whale foetus weighing 3-4 million grams is 
produced. Whaling Statistics do not supply data of foetal weights, but if these 
foetuses follow a cube-root relationship, then the growth velocity (a~0-50) 
must be at least 2} times greater than the highest rate found for all other 
mammals, and about 10 times greater than the rate for Primates. It would be 


_ interesting to see if these high rates are peculiar to the large whales or are the 


same in related species of smaller size. 

Since the substances contributing to weight increases are mainly water and 

protein followed by salts and other materials making up the complete organism, 
the chief biological significance of the different foetal growth rates must be seen 
in the rate of deposition of organic material, chiefly protein. Clearly we are 
dealing with three main variations of a fundamental characteristic of mammals 
in which whole sequences of processes are geared, presumably genetically, at 
three different rates. 
_ It is not practical from the data to hazard any biochemical or physiological 
reason why, during this period of pregnancy, growth should follow a cube-root 
law—nor is it possible from the data to assert that a simple one-third power 
relationship is more accurate than some decimal power less than one-third. 
The practical reasons for using the simple cube root are mathematical con- 
venience in handling weight data for checking foetal ages and the production 
of simple formulae which yield a specific growth velocity which is dimensionally 
sound and of considerable value for comparative purposes. 

No simple formula is entirely satisfactory during the early days of pregnancy. 
Clearly the environmental conditions at this time may be such as to convert 
oxygen or nutrition supplies, hormonal and enzyme balance or allied factors 
into rate-determining steps. Delayed implantation as exhibited by certain 
mammals is an extreme example. | 

Certain considerations apply equally to a simple cube-root relation and to 
a more general fractional power relation. For instance, if the relationship be 
expressed as 

W*=a(t—t), (5) 
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and this expression is differentiated with respect to time, we obtain 


- which gives ‘the instantaneous growth rate. Where m is one-third this is 


proportional to the two-third power of the weight or roughly proportional to 
the surface. If n is less than one-third the instantaneous growth rate will be 
proportional to a power of the weight somewhat greater than two-thirds. 

It is also possible to examine the consequences of expressing results in the 
form of the self-multiplicative growth rate (Minot, 1908), that is, by expressing 
the weekly or daily growth increment as a percentage of the mean foetal weight 


during the period concerned. Mathematically thisis zis and from equation (6) 


W dt 
«a 
va 
but substituting from (5) this becomes 
1 dW 1 
Wd (8) 


The elimination of a, the specific growth rate, from equation (8) is additional 
criticism of the use of this method for expressing foetal growth data. Other 
reasons why the self-multiplicative method is unsatisfactory in foetal studies 
have been given by Needham (1931). : 


SUMMARY 


1. During a substantial period of pregnancy foetal development can be 
adequately represented by a cube-root weight relationship of the form 
Wt=a(t—t). It is probable that this requires the stable environmental 
conditions provided by an adequate symbiotic relationship and does not 
therefore apply to early pregnancy. ~ 

2. This formula has two constants peculiar to each mammal: a, which can 
be regarded dimensionally as a specific growth velocity and can be used to 
compare the rates of foetal-development in different mammals; and ¢, the 
intercept on the time axis made by the line through the linear portion of growth. 
_ 3. The specific growth velocity a can be approximately determined from 
birth weight and gestation period data and values obtained in this way reveal 
remarkable differences between the Primates, sub-Primates and Cetacea. 


This work has been carried out with the aid of a grant to one of us (A. St G. Huggett) from the 
Medical Research Council. 3 

We also wish to thank Dr Richard Phillips of the Department of Animal Health, University 
College of Wales, for considerable work in providing accurately tupped ewes, and the Great Western 
Railway for special facilities. 

The senior author (A. St G. H.) wishes also to apologize that the same acknowledgement was 
not attached to the paper by Huggett, Warren and Winterton (1951) on Foetal Blood Fructose in 
the issue of the Journal, Vol. 113, p. 258, April 1951, It was inadvertently omitted. : 


$ 
as 
2 
» 
5 
“4 


FOETAL GROWTH 317 


REFERENCES 
Asdell, 8. A. (1946). Patterns of Mammalian Reproduction. New York: Comstock. 
- Balthazard, V. & Dervieux, 0. (1921). Ann. Méd. Légale, 1, 37. 
Barcroft, J. (1946). Researches on Prenatal Life. Oxford: Blackwell. 
Bareroft, J. & Kennedy, J. A. (1939). J. Physiol. 95, 173. 
} Draper, R. L. (1920). Anat. Rec. 18, 369. . 
Briedenthal, H. (1914). Allgemeine und spezielle Physiologie des Menschenwachstums. Berlin: 


Springer. 
Hammond, J. (1914). J. agric. Sci. 6, 263. 
Huggett, A. St G. & Widdas, W. F. (1950). Abstr. XVIII int. physiol. Congr. p. 267. 
McDowell, E. C., Allen, E. & McDowell, C. G. (1927). J. gen. Physiol. 11, 57. 
Minot, C. S. (1908). The Problem of Age, Growth and Death. London: Murray. 
Murray, H. A. (1926). J. gen. Physiol. 9. 39. 
Needham, J. (1931). Chemical Embryology, vol. 1, p. 368. Cambridge University Press. 
Przibram, H. (1927). Tabulae Biologicae, 4, 342. 
Roberts, R. C. (1906). Lancet, 170, 295. 
Rubner, M, (1908). Problem der Lebensdauer. Berlin: Oldenberg. 
Schmalhausen, J. (1927). Arch. EntwMech. Org. 109, 455. 
Thompson, D’Arcy W. (1942). Growth and Form. Cambridge University Press. 


ag 
jb 
Pe: 
af 
a 
ug 
{ 
4 
is 


318 


J. Physiol. (1951) 114, 318-324 


THE USE OF LIQUID AIR IN THE EXTRACTION 
OF ACETYLCHOLINE 


By J. CROSSLAND* 
From the Neuropsychiatric Research Centre, Whitchurch Hospital, Cardiff 
(Received 18 November 1950) 


In an investigation into the acetylcholine content of the brains of young rats 
under different physiological conditions (Richter & Crossland, 1949) the 
animals were killed by immersion in liquid air, in order to minimize the 
biochemical changes which might otherwise occur during decapitation and 
removal of the brain. In the present paper it is shown that this process of 
freezing increases the amount of acetylcholine yielded on subsequent extraction 
with trichloracetic acid, and it is suggested that it offers a reliable method of 
obtaining an accurate estimate of the total acetylcholine content of brain. 
Results demonstrating a similarly improved yield from striated muscle, and 
some data on the effect of age on the acetylcholine content of rat brain, are 
also presented. 

A preliminary account of this work has already been published (Crossland, 
1950), 


METHODS 


The brains of Wistar albino rats and the sartorius and gastrocnemius muscles of frogs were used 
throughout this investigation. 

For the extraction of acetylcholine from unfrozen brain, the weighed sample was ground with 
10% (w/v) trichloroacetic acid (2 ml. acid/g. wet weight of brain). Measured volumes of the 
resulting mixture were removed at intervals and centrifuged, and the residue washed with an 
equal volume of amphibian Ringer-Locke solution (6-5 g. NaCl, 0-14 g. KCI, 0-2364 g. CaCl, .6H,0, 
0-01 g. NaH,PO, per litre). The combined supernatant and washing was cringe oot with N “NaOH, 
theneutral solution diluted with 2} times its volume of distilled water so as to makei tely 


isosmotic with the Ringer-Locke solution, and assayed for acetylcholine. When the assay could - 


not be performed immediately, the extracts were stored in the cold at pH4 using an acetate 
buffer containing 100 ml. n-acetic and 31 ml. y-NaOH in 700 ml. of solution. 

The brains of animals which had been killed -by dropping them into liquid air were removed by 
carefully chipping away the skull with a chilled scalpel, taking care, by frequent refreezing of the 
head and rechilling of the instruments, to prevent any thawing of the brain during removal. The 
pieces of frozen brain, after being weighed on a torsion balance, were powdered in a cooled steel 
crusher, and added to 10% trichloroacetic acid (2 ml./g.) contained in a small mortar where, if 
necessary, the tissue could be ground still further. The temperature of the mortar was maintained 
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either at room temperature (which varied in the different experiments between 15° and 20°C.) 
or at -5°C. Measured samples of the mixture were again taken at intervals and treated as 
described. 

In experiments designed to compare the amounts of acetylcholine extracted from frozen and 
unfrozen brain, groups of six rate were decapitated without previous immersion in liquid air, 
their brains removed, divided into pieces, rinsed in 0-9 % NaCl solution, blotted dry on filter paper 
and distributed among three watch-glasses so that each received a representative selection of the 
pooled tissue. The weighed tissue from one of the watch-glasses was then rapidly ground in trichloro- 
acetic acid; at the same instant the other two watch-glasses, with their contents, were dropped 
into separate vessels of liquid air. The cessation of post-mortem changes (brought about in the 
one case by trichloracetic acid and in the others by liquid air) was thus determined simultaneously 
in the three lots of brain: the acetylcholine content should therefore have been the same in all. 
The unfrozen brain was extracted for 2 hr.; the two portions of frozen brains were weighed, 
powdered into trichloracetic acid and extracted, one at room temperature and the other at - 5° C. 
Measured samples were taken after 8, 20 and 30 min. of extraction. 

In investigating the effect of thawing, pieces of brain were left, after weighing, at room tempera- 
ture until just perceptible softening occurred; the pieces were then immediately refrozen and the 
extraction continued in the usual way. 

The total extractable acetylcholine was varied from experiment to experiment by using rats of 
different ages and by anaesthetizing some groups of adult rats with pentobarbitone sodium 
(50 mg./kg. by intraperitoneal injection). In order to obtain the acetylcholine content of the brain 
of unaesthetized adult rats the animals were first immobilized with mephenesin (‘Myanesin’, 
mg./kg. by intraperitoneal injection—to 
ensure that their immersion in liquid air would be rapid and complete. Immobilization was 
unnecessary in the case of young animals. Mephenesin had no apparent effect on the acetylcholine 
content of brain if the rats were killed at the onset of paralysis. Acetylcholine from frozen and 
unfrozen frog muscle was extracted in the same way as that from brain. 

Acetylcholine was assayed on the eserinized frog rectus preparation, making allowance for the 
effect of sensitizing substances present in the tissue extracts (Feldberg, 1945a). No serious 
inhibitory effect of the trichloroacetate ion on the rectus could be observed, at the concentrations — 
finally used in the bath, provided that contractions of the muscle were allowed to occur at 
intervals of not less than 10 min. 

The extracts were estimated against, and the results expressed in terms of, acetylcholine 
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RESULTS 
Time course of extraction of acetylcholine from brain 


Acetylcholine j is usually extracted from tissues containing it by means of 
trichloroacetic acid; by this method the maximum yield is obtained after an 
extraction time of about 2 hr. (Chang & Gaddum, 1933; Perry, 1949). 

The extraction of acetylcholine from brain of animals previously frozen in 
liquid air followed an entirely different time course, as the data of Table 1 
illustrate. In each experiment the pooled brains of six rats were used. 

It is clear that the process of freezing accelerated the release of acetylcholine 
on treatment with trichloroacetic acid and that the predominant change during 
the course of these experiments was disappearance of acetylcholine which had 
already been released during the first }-hr. extraction. As would be expected, 
the concentration of acetylcholine fell off more rapidly at room temperature 
than when the brain suspension was kept at —5° C. 
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Table 1. The extraction of acetylcholine by trichloroacetic acid from brain frozen in liquid air 


Apparent acet Icholine content (yg./g. wet 
t) after after extracting for times shown 


time Room temp. 

0-5 16 2-4 2-6 2-2 3-4 19 
1-0 1-5 2-0 2-4 15 2-8 16 
1-5 13 1-9 2-1 2-6 13 
2-0 1-1 19 1-9 1-4 2-0 1-2 
2:5 1-2 18 1:7 1:3 1-9 1-1 

1-0 


3-5 17 Bl 14 
The pooled brains of six rats were used in each experiment. 


The effect of freezing on the efficiency of acetylcholine extraction by 
trichloroacetic acid 
' In Table 2 the yields of acetylcholine from brain previously frozen in liquid 
air and extracted for periods of 8, 20 and 30 min. at room temperature, or at 
—5° C., are compared with those from unfrozen brain, obtained from the same ~ 
pooled tissue, and extracted for 2 hr. The results in this table show that the 
optimal yield of acetylcholine from frozen brain was obtained after about 
20 min. extraction with trichloroacetic acid at —5°C. This yield was some 
13% greater than after extracting unfrozen brain for 2 hr. The figures for 
extraction at room temperature suggest that, under these conditions, the yield 
is slightly reduced below that obtained at —5° C. 


Table 2. The effect of freezing in liquid air on the yield of acetylcholine 


Acetylcholine content (yg./g.) as determined by: < 
(i) Trichloroacetic (ii) Liquid air and trichloroacetic acid 


acid for2hr. 
8-min. 20-min. 30-min. 
Temp extraction extraction extraction 
2-2 -5°C, 2-5 2-5 2-4 
R.T. 2-3 2-4 2-4 
15 1-4 1-7 15 
R.T 1-4 16 
15 -5°C. 1-7 16 1-4 
R.T. 1-3 16 1-4 
R.T 2-1 2-3 2-3 
1-2 ~5°C, 13 1-4 1-2 
R.T. 


The pooled brains of six rats were used in each experiment. 


In three experiments, the pooled brains of two rats, killed in liquid air, were 
powdered in the usual way. One weighed sample of the powder was extracted 
with trichloroacetic acid for 20 min. at —5° C.; another was similarly extracted, 
but a known amount of acetylcholine (1-0, 1-0, and 1-6. respectively in the 
three experiments) was added to the acid at the same time as the powdered 
brain. Estimation of the acetylcholine content of the supernatants from the 
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two samples indicated that in no experiment had there been a detectable loss 
of acetylcholine, the content of the samples to which it had been added being 
1-0, 1-1 and 1-6 ug. higher than in the corresponding samples to which no addi- 
tion had been made. 

The effect of freezing on the amount of acetylcholine extracted from brain 
is shown in Fig. 1. The points representing the course of extraction 
from unfrozen brain were obtained from the means of four experiments, six 
pooled brains being used in each experiment: they agree with the results of 
other workers and the individual figures are not therefore given here. The 
corresponding points for the mean values for brain frozen in liquid air and 
- extracted at —5° C. were derived from the appropriate figures of Tables 1 and 2, 


100 
90 
80 
70 
So 60 
50 
40+ 
30 
20 
10 
0 } } j 
0 0-5 10 15 20 2°5 3-0 3°5 
Hours 


Fig. 1. Time course of extraction of acetylcholine by trichloroacetic acid from unfrozen brain (open 
circles) and from brain frozen in liquid air (closed circles) and extracted at -5°C. Abscissae: 
time in hours; ordinates: yield of acetylcholine in terms of that obtained after 20 min. 
extraction of frozen brain. 

which were combined by expressing the mean yield of acetylcholine for each 

extraction time as a percentage of that which would have been obtained after 

_ 20 min.: thus the yield after 30 min. extraction is, from Table 2, 90% of that 

after 20 min. and those after longer periods can be calculated from the data 

of Table 1. The relative positions of the two curves were fixed from the fact 
that 2 hr. extraction of unfrozen brain yielded the same amount of acetyl- 

choline as a 30 min. extraction of brain previously frozen in liquid air (Table 2). 


The effect of thawing 
Momentary thawing of the brain before contact with the trichloroacetic acid 
caused a serious loss of acetylcholine. In three separate experiments the 
acetylcholine yields from a portion of two brains which had been kept frozen 
throughout the experiment were 4:0, 29 and 2-4yg./g.; the corresponding 
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figures for samples of the same brains, in which momentary thawing was — 
allowed to occur were 3-0, 1-2 and 1-4g./g. Frozen brain, left for 45 sec. at 
room temperature, or 20 sec. at 37° C., thaws sufficiently to suffer losses of 
this order and these figures emphasize the necessity of keeping the portions of 
brain completely frozen during removal, weighing and powdering. 


The extraction of acetylcholine from frog muscle 

_ Frog muscle frozen in liquid air and extracted with trichloroacetic acid for 
20 min. yielded more acetylcholine than did a 2 hr. extraction of unfrozen 
muscle. In three experiments the acetylcholine content of muscle, determined 
after freezing, was 0-13, 0-21.-and 0-67yg./g.; without freezing, the corresponding 
- figures were 0-10, 0-18 and 0-56yg./g. The small number of experiments, and 
the very low acetylcholine content of these muscles, precluded any certain 
~ estimate of the effect of freezing: however, the conclusion appears justified 
that, as with brain, freezing does result in a higher yield of acetylcholine. 


The acetylcholine content of the brains of rats of different ages 

The mean acetylcholine content of the brains of normal, unanaesthetized rats, 
killed by being dropped into liquid air, was: at age 24 hr., 0-75 g./g. + s.£. 0-02 
(mean of nine observations); at age 21 days, 1-3+8.. 0-08 (15), and at age 
100 + days, 2-7 + s.z. 0-21 (8). These figures support the results of Welsh & Hyde 
(1944a) who found the so-called ‘free’ acetylcholine content of the brains of 
rats aged 24 hr., 21 days and 100 + days to be 0-1, 0-2 and 0-4,ug./g. respectively, 

though neither the significance of the term ‘free’ acetylcholine nor its relation 
- to the total extractable acetylcholine is clear. The few figures quoted for total 
acetylcholine by Welsh & Hyde (19445), are lower than those given here. 


DISCUSSION 


The results presented above show that the yield of acetylcholine from brain— 
and probably from striated muscle too—is higher if the tissue is frozen in 
liquid air before extraction with trichloroacetic acid than if, as in the usual 
methods, it is extracted without freezing. Perry (1949) has recently suggested 
that 90-6 % of the total available acetylcholine can be extracted from unfrozen 
brain by trichloracetic acid. His estimate was calculated from a statement in 
a paper by Abdon & Hammarskjéld (1944) that the release of acetylcholine 
(from muscle) is 80% complete in 1 hr. This figure, however, refers to the break- 
down of a hypothetical acetylcholine ‘precursor’ in a solution of trichloroacetic 
acid; the ‘precursor’ itself was obtained from an alcoholic extract of frozen 
muscle. It cannot be assumed that the rate of liberation of acetylcholine from 
unfrozen tissue cells is the same as that from an apparently cell-free ‘ precursor’ 
which has been derived from tissue only after subjecting it to a more severe 
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disrupting process than that of simple grinding in trichloroacetic acid. This 
finding by Abdon & Hammarskjold is, in fact, very difficult to understand, 
since, a8 the ‘precursor’ was obtained from frozen tissue, its acetylcholine 
should have been liberated at least as quickly as in the experiments described 
in this paper. The use of liquid air by Abdon and his colleagues was introduced 
to prevent the breakdown of the acetylcholine ‘precursor’ during the early 
stages of extraction, as this was regarded as a source of error in earlier work. 
They developed an elaborate method intended to extract acetylcholine from 
tissues without loss (Abdon & Ljungdahl-Ostberg, 1944), but, as the authors 
themselves point out, loss of acetylcholine at each stage in their extraction 
process cannot be eliminated. The method does not seem to be justified by 
results, and Abdon’s figures cannot be used as accurate indicators of the 
acetylcholine content of the tissues with which he worked. 

While it is not possible, therefore, to assess the proportion of the total 
extractable acetylcholine obtained by the method described here, it seems 
reasonable to suppose that it must be high, since the loss of acetylcholine during 
20 min. at —5° C. appears to be very small. Moreover, the method is simple 
and does not involve chemical manipulations which might be accompanied -by 
loss of acetylcholine. Higher apparent values than those given here for the 
normal acetylcholine content of rat brain could be obtained by the use of 
methods of extraction which allow synthesis of acetylcholine, or by methods 
of assay which ignore the effect of sensitizing substances in the brain extract 
(Feldberg, 19455). Again, anaesthetization of animals before killing causes 
the acetylcholine content of brain to increase by some 40% (Tobias, Lipton 
& Lepinat, 1946; Richter & Crossland, 1949). Unusually high values for the 
acetylcholine content of tissues should be examined in the light of these facts, 
which thus cast doubt on the claims made by MacIntosh (1941) and by Tobias, 
et al. (1946) for the superiority of their methods of extraction. ) 

The liberation of acetylcholine when tissue is frozen, and its rapid hydrolysis 
when the frozen tissue is allowed to thaw, are facts which must be considered 
when discussing the manner in which acetylcholine is bound in the tissues. 
So far, insufficient data are available to enable any conclusion to be reached 
on this point or to permit an assessment of the conflicting views expressed in 
the literature. 

Acetylcholine can also be extracted from tissue by boiling in an acidified, 
eserinized saline solution (Feldberg, 19455). It was previously shown (Richter 
& Crossland, 1949) that if frozen brain was extracted by this method, it gave 
acetylcholine estimates approximating to those given by a 30 min. extraction 
with trichloroacetic acid; it is, therefore, not as satisfactory a method for 
extracting from frozen tissue as is trichloroacetic acid, but is equally effective 
for unfrozen tissues. 
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SUMMARY | 

1. The yield of acetylcholine from brain is increased by about 13% if the 
tissue is frozen with liquid air before extraction with trichloroacetic acid. 

2. A maximum yield is obtained from the frozen tissue by extraction for 
about 20 min. | | 

3. Even momentary thawing of the frozen brain before extraction with 
trichloroacetic acid causes a serious loss of acetylcholine. 

4, The acetylcholine content of the rat brain increases with the age of the 
animal. The content at 100 days is about twice that at 3 weeks and 4 times 
that at birth. 


The author is indebted to Dr D. Richter for his continued encouragement, to the Rockefeller 
Foundation for a personal grant during the earlier part of the period during which this work was 
being carried out and to Mr D. W. Davies for technical assistance. 
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OBSERVATIONS ON THE ACTION OF ACETYLCHOLINE 
AND ADRENALINE ON THE HYPOTHALAMUS 


By HELEN N. DUKE anp MARY PICKFORD 
From the Physiology Department, University of Edinburgh 
(Recewed 9 December 1950) 


O’Connor & Verney (1945) and Verney (1947) showed that in dogs the inhibition 
of water diuresis resulting from an emotional stimulus was of two types, a rapid 
inhibition which could be abolished by section of the splanchnic nerves and 
denervation of the kidneys and suprarenals, and a slow inhibition due to the 
release of the antidiuretic hormone from the posterior lobe of the pituitary. 
The slow inhibition could be prevented by the injection intravenously of adrena- 
line $ min. before the application of the emotional stimulus. These and other 
observations led them to the conclusion that adrenaline in some way prevented 
the release of the antidiuretic hormone, but not. its action on the kidneys, i.e. 
that it acted centrally. 

Some observations made by Pickford (1939, 1947), and Duke, Pickford & 
Watt (1950) have shown that intravenously administered acetylcholine (ACh) 
in unanaesthetized atropinized dogs leads to the liberation of antidiuretic 
hormone, probably by an action on the supraoptic nuclei. It seemed worth 
testing whether adrenaline could prevent the ACh-induced release of the anti- 
diuretic hormone, and the following observations were made with this object in 
view. 

| METHODS 

Trained dogs, after hydration and during water diuresis, were given intravenous injections of 
adrenaline chloride and ACh HC! dissolved in 1 ml. 0-:9% NaCl solution. The doses of adrenaline 
varied from 5 to 30 yg. and those of ACh from 0-5 to 3 mg. The drugs were injected either mixed 
in the syringe immediately before use, or the adrenaline was given 5-35 sec. before the ACh. In the 
latter case the needle was left in the malleolar vein and the syringe changed. The volumes of urine 
excreted over short intervals of time both before and after the injections were noted. Ifthe duration 
of the diuresis allowed, the response to the mixed drugs was tested between two responses to ACh 
alone, or the injection of ACh was placed between two injections of the mixed drugs. Sometimes 
there was time for only two injections in the course of a water diuresis. Occasionally a second 
dose of water was given so that further responses could be observed at least on the same day. On 
three occasions measurements were made of the clearances of creatinine and diodone on urine 
samples collected over short intervals of time. 

Of the thirteen dogs on which observations were made, six had had their kidneys denervated by 
stripping the renal pedicle and dividing the capsule from all abdominal connexions. 
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RESULTS 
One hundred and seventeen injections of adrenaline and ACh combined were 
given to thirteen dogs, the majority of them to four of the dogs. Three of the 
thirteen dogs were tested after recovery from the effects of ditsopropylfluoro- 
(DFP) phosphonate injected into the supraoptic nuclei epee et al. 1950). The | 
results are ‘sunmnerieee | in Table 1. 


TABLE 1. Summary of effect of injecting both adrenaline and ACh 
: Total ACh ACh Responsetoo ACh 
no.of inhibition inhibition  erraticfor inhibition 
tests annulled ~ reinforced interpretation unchanged 
ro normal dogs 99 52 14 10 23 
Three dogs recovered from DFP 18 9 1 — 8 


_. It can be seen that when both adrenaline and ACh were injected there were 
three types of response: either no inhibition of the rate of urine flow, a rein- 
forcement of the inhibition that would be expected from ACh alone, or an 
apparently unchanged ACh inhibition. Fig. 1 is an example on a normal dog of 


Urine flow (ml./min.) 
w 


Time (min.) 


Fig. 1. Buster, 4 June 1948. Course of water diuresis during which the following intravenous 
injections were made. At A, 1 mg. ACh; at B, 20 ug. adrenaline and 1 mg. ACh simultaneously ; 
at C, 1 mg. ACh. In every figure water orally and atropine subcutaneously at zero time. 


an occasion when the usual inhibitory response to ACh did not appear when 
adrenaline also was injected. Fig. 2 is typical of those occasions when there was 
an apparent reinforcement of the ACh inhibition in the presence of adrenaline. 
In Fig. 3 the ACh inhibition is unchanged by the addition of adrenaline to the 
injection mass. 

It would seem, then, that adrenaline can, under certain conditions, prevent 
the appearance of the inhibition of urine flow that follows the intravenous 
injection of ACh during water diuresis, but what in particular those conditions 
are we do not know. The variability of the response might depend on certain 
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factors. (a) The timing of the doses of adrenaline and ACh relative to each other 
might be of importance. However, injecting the adrenaline 35, 30, 25, 20, 15, 
ij — before the ACh, or giving the two drugs simultaneously made no 


~y 


Urine flow {mi,imin.} 


Time (min.) 
Fig. 2. Lena, 3 December 1948. Course of water diuresis during which the following injections 


were made. At 20 min. 2 mg. eserine salicylate subcutaneously. Intravenously, at A, 20 pg. 
adrenaline and 10 seo, later 1 mg. ACh; at B, 1 mg. ACh. 


> 


~ 


Urine flow (mi./min.) 
T 


(AY 
5 | 0 30 60 90 120 150 180 
i Time (min.) | 
~ Nel" Fig. 3. Blackie, 16 November 1948. Course of water diuresis during which the following intravenous 
} injections were made. At A, 3 mg. ACh; at B, 30 yg. adrenaline and 30 sec. later 3 mg. ACh. 


: difference to the variability of the response on different days, though it did 
make a difference on any single day, as may be seen in Fig. 4. On this day the 
simultaneous administration of adrenaline and ACh resulted in a lack of 
inhibition of the rate of urine flow, whereas when the adrenaline was given 
10 sec. before the ACh the effect of the latter was considerably reinforced. In 
this graph the response to adrenaline is also shown. This animal (Spot) had at 
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this time recovered from the effects of an injection of DFP into the supraoptic 
nuclei, but was reacting to adrenaline and ACh in no way differently from other 
unoperated dogs. Thus, it seems that under the conditions and within the limits 
tried, a change in the timing of the dose of adrenaline relative to that of ACh 
does not increase the predictability of the response. (6) The size of the dose of 
one drug relative to that of the other might be significant. The dose of ACh 
was kept constant at that which was found to produce a considerable and 
repeatable inhibition of the rate of urine flow, and the dose of adrenaline was 
varied from 5 to 30 ug. As was found with the timing of the injections, on any 
one day the amount of adrenaline relative to that of ACh might make a dif- 
ference to the appearance or cancellation of the ACh inhibition, but did not 
necessarily do so the next day. (c) As ACh suffers more rapid destruction in the 
blood than adrenaline it was thought that the use of eserine might perhaps lead 


to a greater constancy of result. On a number of occasions, therefore, 2 mg. — 
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Urine flow (mi./min.) 


L i l 
0 115 3 4 © 7 W 105 120 135 150 165 180 19 
Time (min.) 
Fig. 4. Spot, 3 November 1948. Course of water diuresis during which the following intravenous 
injections were made. At A, 10 yg. adrenaline and 1 mg. ACh simultaneously; at B, 10 yg. 


adrenaline and 10 sec. later 1 mg. ACh; at O, 1 mg. ACh; at D, 10 yg. adrenaline; at E, 10 pg. 
adrenaline and 1 mg. ACh simultaneously. 


eserine salicylate was given subcutaneously 20 min. after the injection of 
atropine and 20 min. before the first test injection. However, every type of 
response was seen in the presence of eserine with as great an unpredictability 
as in its absence. Spas 

Chloralose anaesthesia. In a single observation on a chloralosed dog no 
inhibition of the rate of urine flow followed the intravenous and simultaneous 
injection of 10 yg. adrenaline and 1 mg. ACh, i.e. in this single case adrenaline 
did annul the action of ACh. 

Renal clearances. Attempts were made to measure the renal clearances of 
creatinine and diodone during the combined action of ACh and adrenaline and 
of ACh and noradrenaline. Unfortunately on the occasions chosen the response 


3 
4 
ag 
= 
4a 
+ 
4 
“4 
> 
ay 
2 y 
od 
if 
id 
2 
4, 
rv 


ACETYLCHOLINE AND ADRENALINE ON HYPOTHALAMUS 329 


to ACh was not inhibited. It can only be said that the renal clearances under 
the action of the combined drugs were similar to those seen when adrenaline 
or noradrenaline alone was injected, i.e. the changes were of far shorter duration 
than the changes in the rate of urine flow. 

Noradrenaline. On five occasions noradrenaline was used in doses frosts 


 10+20 yg. in place of adrenaline. Twice the ACh inhibition was prevented and 


three times it appeared as usual. 

Acetylcholine alone. Since the response to a mixture of adrenaline and ACh 
is so erratic, it is obviously necessary to record whether ACh alone ever failed 
to inhibit the renal excretion of water. The total number of tests made with 
ACh alone on twelve of the dogs was 164, and there were eight occasions, all 
early in the course of the water diureses, when ACh did not induce an inhibition 
of the rate of urine flow. On these occasions an inhibition was seen later in the 
course of the diuresis. The thirteenth dog, which was mostly Dalmatian, was 
tested with ACh alone sixty-five times and failed to respond on twenty-two 
occasions. Twelve of these injections were made early in the course of diureses 
in which the dog responded normally later. On four days when there was no 
response to ACh the effect of ACh and adrenaline combined was far greater 
than was ever seen with ACh alone on the days when it was effective. The 
increased effect with the combined drugs appeared equivalent to the rein- 


forcement seen in other dogs, and on some days in this dog also. On the re- 


maining six occasions the dog was unresponsive to any attempt at inhibiting 


the rate of urine flow. This animal reacted to ACh with far greater regularity in — 


the presence of eserine. Miss Marian Scrase kindly estimated for us the cholin- 
esterase content of the plasma of this dog, using the methods described by 
Mendel & Rudney (1943) and by Augustinsson (1948). By Mendel’s method 
620 yl. CO, were evolved in 20 min. from 1 ml. plasma using 0-06 m-ACh as 
substrate, and by Augustinsson’s 720 yl. were evolved in the same time. 
Mendel & Rudney give 409 yl. CO, as the average value for a bitch. A high 
value with a substrate concentration of 0-06 m-ACh indicates a high pseudo- 
cholinesterase concentration of the plasma. Thus, in this dog there may have 
been an unusually rapid destruction of ACh in the blood stream so that only 
a low and often ineffective concentration reached the hypothalamus. This 
would account for those occasions when there's was no inhibition of the rate of 
urine flow. 


DISCUSSION 


The results presented above show that in about half the number of tests made, 
when adrenaline and ACh are both injovte< intravenously during the course of 
a water diuresis, the inhibition of the rate of urine flow that normally occurs 
with ACh alone, is prevented. The annulment of the ACh inhibition does not 
depend, within the limits tested, on the timing of the doses, nor on the quantity 
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of adrenaline relative to ACh, nor are the results more constant in the presence 
of eserine. When the ACh inhibition is not annulled, it may either be augmented 
both as to degree and duration, or the adrenaline may have no apparent effect 
on the action of ACh. The results are, in fact, unpredictable from day to day, 
though fairly constant on any one day. 


$0 far as the results go they are in accord with those of O’Connor & Verney . 


(1945) and of Verney (1947) on the prevention by adrenaline of the inhibition 
of the rate of urine flow in water diuresis which follows the application of an 
emotional stimulus. O’Connor & Verney found that in one of their dogs 
adrenaline never prevented the renal response to emotion. We have not found 


- any dog in which adrenaline did not, sometimes at least, annul the effect of 


ACh, but we have found no dog in which it annulled it constantly. 

O’Connor & Verney (1945) showed that adrenaline did not interfere with the 
response of the kidney to extracts of posterior lobe of the pituitary. In our 
series dogs behaved similarly whether or not they had been subjected to renal 
denervation. Moreover, under the influence of both adrenaline and ACh any 
change in renal clearances are probably fleeting. Here then, as in Verney’s 
experiments, it would seem that the action of adrenaline is central and not on 
the kidney itself. | 

Verney (1947) further made it clear that some property of adrenaline other 
than its vasopressor one must be looked for to account for its action in pre- 
venting the renal response to an emotional stimulus. Marrazzi (1939), Biilbring 
& Burn (1942) and Luco (1939) showed that the vasoconstricting power of 
adrenaline did not account for its action in enhancing or annulling the effect 
of ACh at neuromuscular junctions, at sympathetic ganglionic synapses or in 
the spinal cord. There is no particular reason to suppose that the pressor 
property of adrenaline is of importance in the observations described in this 
paper, particularly as the more strongly pressor noradrenaline acted with as 
much variability as adrenaline. At present and until more is known, the 
simplest hypothesis is that the central synapses behave similarly to the peri- 
pheral ones, and that the effect of ACh and adrenaline combined does not 
depend on a vascular action of the latter drug. 

There is now a considerable body of evidence (Marrazzi, 1939; Biilbring & 
Burn, 1939, 1942; Luco, 1939; Biilbring, 1944) that adrenaline can, according 
to dose, potentiate or inhibit the effect of ACh peripherally both at neuro- 
muscular junctions and in autonomic ganglia, and more centrally in the spinal 
cord. Verney’s work (1947) has shown that adrenaline can prevent the emotional 
inhibition of renal activity by a central action, and Pickford (1939, 1947) and 
Duke et al. (1950) have shown that in all probability ACh is the transmitter to 
the supraoptic nuclei. These facts taken all together lend interest to the 
observations recorded above and suggest the possibility that, just as peri- 
pherally in the spinal cord adrenaline and ACh interact with resulting inhibition 
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or potentiation, thus do they also behave still more centrally, namely in the 


supraoptic nucleus of the hypothalamus. So far the evidence is no more than 
suggestive, but it is reasonable to suppose that central nervous synapses 
sensitive to ACh are not fundamentally different from peripheral cholinergic 


-ones, and that it is therefore not surprising that adrenaline may prevent or 


reinforce the action of ACh on the supraoptic nuclei, whether it is supplied from 
outside the body or produced naturally when impulses reach these nuclei from 
whatever neurones subserve emotion. The end effect of the presence of both 
adrenaline and ACh at the supraoptic nuclei is shown as a change in renal 
activity. his | | 

The most probable explanation for the impossibility of controlling the 
response in the series of experiments described here is that the observations 
were made on conscious animals, and that the drugs were injected intravenously. 
The observations by other workers (except those of Verney and of O’Connor & 
Verney) have been made on isolated perfused organs where the drugs could be 
injected close to their site of action and their effective concentrations therefore 
known and easy to control. Even in these ‘ideal’ circumstances there was 
considerable variability of response (Biilbring, 1944). In the whole animal, 


_ drugs injected intravenously must certainly reach the hypothalamus in un- 


known concentrations, partly because of their destruction in the blood at 
different rates, and partly because, despite all attempts to standardize con- 
ditions, circulatory paths are open one day that are closed the next. . Further, 
in the conscious animal its own nervous and endocrine activity changes from 
moment to moment, thus altering the conditions of the experiment. 


SUMMARY 


1, Experiments are described in which unanaesthetized atropinized dogs, 
during the course of water diureses, received intravenous injections of adrenaline 
chloride and ACh HCl either singly or together. In some of the dogs the kidneys 
had been denervated. 

2. About half the number of times that adrenaline was given with, or just 
before, ACh, the normal inhibition of renal activity due to ACh was prevented. 
At other times adrenaline reinforced the ACh action, or had no effect on the 
usual response to it. | 

3. Reasons are put forward for thinking, on the basis of the work of others 
and of these observations, that the adrenaline interacts with ACh in the central 
hervous system, possibly at the supraoptic nuclei. 


‘We wish to express our gratitude to the Moray Fund for a grant towards the expenses of this 
work, | 
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A COMPARISON OF THE EFFECT OF INTRAVENOUS AND 


INTRACAROTID INJECTIONS OF ACETYLCHOLINE | 
IN THE DOG 


By MARY PICKFORD anp J. A. WATT 
From the Physiology Department, University of Edinburgh 
(Received 9 December 1950) 


Owing to the scene topography of the central nervous system any iiitiens 
is welcome that indicates, even indirectly, what happens, and how impulses 
are transmitted, at a given group of neurones. It is for this reason that the 


following short account of some observations on the intravascular injection of 


acetylcholine (ACh) is presented. 
In the course of some experiments it became necessary to make control 


observations on the effect on renal excretion of ACh injected into the carotid == 


artery. The results of these control experiments are described below, .... 


METHODS 
The observations were made on one dog, Sandra, weight 18 kg., during the course of water diureses 
before which atropine sulphate, 2 mg., had been given subcutaneously. At first the injections of 
ACh were made into the malleolar vein. With the kind help of Dr Marthe Vogt a carotid loop with 
denervation of the sinus was made on the left side. Thereafter a comparison was made between the 
effect of ACh injected intravenously and into the carotid artery. 


RESULTS 


In Fig. 1, is aes the inhibition of the rate of urine flow that followed the 
intravenous injection of 3 mg. ACh. This large dose produced only a moderate 
effect. This may be compared with the result, shown in Fig. 1B, of injecting 
0-5 mg. ACh into the carotid artery. The effect was profound and long-lasting. 
Apart from licking its lips for a few seconds immediately following the in- 
jection, the dog showed no observable disturbance of any kind. In Fig. 24, B 
are shown the responses of the urine flow to intracarotid injections of 0-1 mg. 
ACh in the presence and in the absence of eserine respectively. The inhibition 
in the presence of eserine was definite and could be repeated. During the 
observations shown in Fig. 2.A the pulse rate before the injection was 84/min., 
immediately it was ended it was 100/min. and 4 min. later had returned 
to 84/min. 
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Urine flow (mi./min.) | 


2 Time (min.) 


Fig. 1. Sandra, weight 18 kg. In every observation 350 ml. water orally and 2-0 mg. atropine 
‘sulphate subcutaneously at zero time. A, 1 March 1950. At arrow 3 mg. ACh injected 
intravenously. B, 6 April 1950. At arrow 0-5 mg. ACh injected into left carotid artery. 


5 

Time (min.) 


Fig, 2. Water and atropine sulphate as in Fig. 1, A, 19 April 1950. At 0-40 min. 2 mg. eserine 
salicylate given subcutaneously. At arrow 0-1 mg. ACh into the left carotid artery. B, 11 April 
1950. At arrow 0-1 mg. ACh into left carotid artery. | 
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DISCUSSION 


These observations show that an inhibition of the rate of urine flow can be 
produced by a far smaller dose of ACh injected into the carotid artery than into 
the malleollar vein, and that a still smaller dose is made effective by the presence 
of eserine. Verney (1947) has shown that the transitory interference with 
carotid blood flow during the technique of puncture cannot be held responsible 
for the fall in urine flow that follows the injection of active substances, The 
experiments described above indicate that, as far as its effect on the rate of 
urine flow is concerned, the site of action of ACh is central. They offer con- 
firmation of the conclusions of Duke, Pickford & Watt (1950) and of Pickford 
(1939, 1947) that ACh is the transmitter to the supraoptic neurones, at least in 
so far as the stimulation to the production of the antidiuretic hormone is 
concerned. 
SUMMARY 


1, In an unanaesthetized, atropinized dog a comparison was made of the 
effect, during the course of water diureses, of intravenous and intracarotid 
injections of acetylcholine. 

2. When injected into the carotid artery the effective dose of ACh was far 
smaller than when administered intravenously. A still smaller dose was effective 
in the presence of eserine. 

3. These observations corroborate previous work that ACh releases the 
antidiuretic hormone by a central action. 
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ABSORPTION OF PROTEIN FROM 
THE PERITONEAL CAVITY 


By F. C. COURTICE anp A. W. STEINBECK* | 


From the Kanemateu Memorial Institute of Pathology, 
Sydney Hospital, Sydney, Australia 


(Received 15 December 1950) 


In earlier experiments we investigated the absorption of an isotonic, protein-free 
solution, 0°9% NaCl, and of an isotonic, protein-rich solution, homologous 
plasma, from the peritoneal cavity of the cat, rabbit and guinea-pig (Courtice & 
Steinbeck 1950a, 6). The results showed that a protein-rich solution such as 
plasma is absorbed rapidly, and more so than 0-9% NaCl. The proteins were 
shown to be absorbed by the lymphatics, mainly through the diaphragm. 
From the diaphragmatic lymph capillaries, the lymph passed through larger 
. channels in the anterior mediastinum to lymph nodes adjacent to the thymus 
and thence generally to the right lymph duct. On an average in the cat about 
three-quarters of the absorbed protein passed to the right lymph duct and one- 
quarter to the thoracic duct. : 

This rapid removal of a protein-rich fluid from the peritoneal cavity is not 
in agreement with the general conception that such fluids are slowly removed, 
whereas crystalloid solutions are rapidly absorbed by the peritoneum (cf. 
Drinker & Yoffey, 1941). This conception has been based to some extent on 
early experiments concerning the removal of foreign substances, phenol- 
sulphonphthalein, indigo-carmine and potassium ferrocyanide, from anaesthe- 
_ tized animals, and on the belief that the lymphatics of the peritoneal cavity 
drained almost entirely into the thoracic duct (Starling & Tubby, 1894; 
Meltzer, 1897; Mendel, 1899; Dandy & Rowntree, 1914; Shipley & Cunningham, 
1916). The appearance of these coloured substances in the blood, thoracic duct 
lymph or urine probably gives little indication of the rate and manner of 
removal of ascitic fluid or of normal peritoneal tissue fluid. These naturally 
occurring fluids resemble plasma in composition, but with varying protein 
concentrations (Maurer, Warren & Drinker, 1940; James, 1949). 


* This work was carried out with the aid of t ) 
Research Council, Canberra. aid of a grant from the National Health and Medical 
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There have previously been few investigations on the absorption of proteins 
from the peritoneal cavity. In some experiments foreign proteins have been 
injected intraperitoneally. Kjéllerfeldt (1917) used milk, casein, peptones and 
‘amino-acids, and Watkins & Fulton (1938) determined the thoracic duct flow 
before and after the introduction of 300 ml. of horse serum into a dog. These 
experiments were interpreted in favour of a slow absorption of protein-rich 
fluid from the peritoneal cavity. Experiments with homologous plasma 
proteins, however, probably give a better indication of lymphatic absorption 
from the peritoneal cavity. Orlow (1895) injected varying quantities, on an 
average about 22 ml./kg., of normal dog serum into the peritoneal cavity of 
each of six dogs and determined the absorption in 7 hr. His results show that 
in three unanaesthetized dogs the average absorption was 64%, whereas in 
_ three under chloroform-ether the average absorption was 29%. In three other 
unanaesthetized dogs, 30% of a 0°8 or 1-0% solution of NaCl was absorbed in 
3} hr. although more was injected than in the case of the serum experiments. 
Bolton (1921) showed that cat ascitic fluid containing about 75% of solids 
could be fairly rapidly absorbed in the cat, probably by the diaphragmatic 
lymphatics; in one instance 30 ml. in 1] hr. These experiments, although few 
in number, at least do not suggest that there is a great difference between the 
tate of absorption of an isotonic NaCl solution and an isotonic, homologous 
protein-rich solution. 

There seems, therefore, little evidence to support the conclusions of Cunning- 
ham (1926) and of Watkins & Fulton (1938) that the lymphatic removal of - 
fluid from the peritoneal cavity is slow and that the actual removal of signi- 
ficant amounts of fluid from the peritoneal cavity by way of the conieauael 
does not occur. 

Our earlier observations on the rapid removal of plasma from the seriaciniiad 
cavity suggested that the absorption of more concentrated solutions of the 
individual proteins, especially albumin, was worthy of further investigation. 
In these experiments we proposed, for practical reasons, to use rats instead 
of rabbits and guinea-pigs. Individual rat plasma proteins were not available, 
80 it was decided to use bovine albumin which was readily procurable in a 
crystalline form. In preliminary experiments which were performed to ascertain 
whether whole bovine plasma would be rapidly absorbed from the peritoneal 
cavity of the rat, it was found that absorption was initially slow, unlike the 
absorption of homologous plasma in the rabbit and guinea-pig. This finding led 
to the further investigation of the absorption of homologous and heterologous 
whole plasma, of dilutions of these fluids and of solutions of pure crystalline 
bovine albumin from the peritoneal cavity of the rat. 
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METHODS 


(Wistar strain) and black-hooded (Lister strain). The flaid was:intro- 
duced into the peritoneal cavity under light ether anaesthesia. A small incision was made in the 
skin of the flank and the muscle exposed. The muscle was then lifted up with tissue forceps and the 
fluid injected through a fine, blunt needle into the peritoneal cavity. A tie was placed about the 
puncture, the skin was then sutured and the animal rapidly regained consciousness. By this 
assumed its normal posture. 

Groups of five or more rats were injected into the peritoneal cavity with 0-9% NaCl, rat, bovine, 
human, rabbit and guinea-pig heparinized plasma, dilutions of these plasmas, and solutions of 
crystalline bovine albumin in Ringer-Locke solution. In all cases the solution injected was isotonic 
or approximately so. In most of these experiments the protein was tagged with the blue dye T 1824 
(Courtice & Simmonds, 19494, b; Courtice & Steinbeck, 1950, b). The quantity of fluid injected was 
20 ml./kg., to which 4 mg./kg. of dye had been added. 

At intervals of 1, 3, 5, 8, 16 and 24 hr. after the introduction of these fluids the animals were 
killed with coal gas. The abdomen was opened and the remaining peritoneal fluid was collected by 
Pasteur pipette and its volume measured. The pleural cavity was next opened and any fluid present 
collected and measured. A sample of cardiac blood was then withdrawn for the estimation of the 
dye concentration of the plasma. 

The samples of peritoneal and pleural fluid were analysed for dye concentration, total protein 
and ‘albumin’ concentration and non-protein nitrogen. The dye concentrations were estimated 
with a Spekker absorptiometer after extraction with n-butyl alcohol as described by Harington, 
Pochin & Squire (1940). The total and non-protein nitrogen were determined also with the Spekker 
absorptiometer after micro-Kjeldahl digestion and Nesslerization. Albumin was determined after 
precipitation of the globulins with 21% Na,SO, (Campbell & Hanna, 1937). 

The percentage absorption of fluid, protein and dye was calculated for each rat, and the rates of 
absorption deduced from the results on the rats of each group. In some cases there was, at post- 
mortem, more fluid and protein in the peritoneal cavity than originally injected. For convenience, 
we have in the text expressed this movement of fluid and protein as a negative absorption. 
The calculation of the percentage of fluid absorbed from the peritoneal cavity is valid only if there 
is initially an insignificant volume of fluid present in this cavity. A number of normal rats were 
killed and the volume of fluid in the peritoneal and pleural cavities determined. An occasional rat 
had 0-1-0-2 ml. fluid in the peritoneal cavity and a trace in the pleural cavity, but the majority 
had no measurable volume of fluid in either cavity. The assumption that the fluid normally present 
in these cavities could form only a small percentage of that introduced in the experiment is, 
therefore, justified. 

RESULTS 


The absorption of rat plasma and of isotonic NaCl solution from the peritoneal 
cavity of the rat. The plasma was obtained by bleeding out several rats through 
a cannula in the carotid artery, dry heparin being used as an anticoagulant. 
The mean rate of absorption of fluid from groups of rats was as follows: at 1 hr. 
plasma 57-1 + 5-5 (s.z. of mean of seven observations), 0-9°% NaCl 44-3 + 4-2 (5); 
at 3 hr. plasma 91-7+1-9 (8), 0-9% NaCl 71:2+5-5 (5); at 5 hr. plasma 


98-2 +1:1 (9), NaCl 92-741-7 (11). These results agree with our earlier 


experiments on rabbits and guinea-pigs in showing that homologous plasma is 
slightly more rapidly absorbed from the peritoneal cavity =n is 0:9°% NaCl, 
the 3 and 5 hr. differences being significant. 
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‘In other experiments rat plasma was diluted 1 in 4 and 1 in 6 with 09% _ 
NaCl, giving protein concentrations of 1-62 and 1-15% respectively.. When 
20 ml./kg. of these’ fluids was introduced into the peritoneal cavity of rats, the 
average absorption in | hr. was 64-9°% for the former and 59-6% for the latter. 
It thus appears that dilution of — down to 1 * of — ~~ little effect 
on its absorption. | 


Guinea-pig 


Rabbit 


Percentage absorption of fluid from peritoneal cavity 


11-12-13 

Hours 

Fig. 1. The rate of removal of fluid from the peritoneal cavity of the rat after the intraperitoneal 
injection of 20 ml./kg. of bovine, human, rabbit, guinea-pig and rat plasma. Each point 
represents the average of results on five rats in the case of bovine, human and guinea-pig 
plasma, on seven to nineteen rats in the case of rabbit plasma and on seven to nine rats in the 
case of rat plasma. ; 


The absorption of foreign plasma from the peritoneal cavity of the rat. The 
experiments described above show that the absorption of homologous plasma 
and of isotonic NaCl solution from the peritoneal cavity is fundamentally the 
same in the rat as in the rabbit and guinea-pig. Since, in preliminary experi- 
ments, bovine plasma was much more slowly absorbed than homologous plasma, 
the peritoneal absorption of bovine, rabbit, human and guinea-pig plasma has 
been investigated in the rat. Fresh bovine blood was obtained by puncture of 
the external jugular vein of a normal cow; human blood was taken from two 
donors and the plasma pooled, while in other experiments plasma was obtained 
from individual donors; in rabbits and guinea-pigs blood was. collected by 
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cannulation of the carotid artery. In all cases the blood was taken aseptically 
and heparinized. | 

Using the standard procedure described above, the results set out in Fig. | 
were obtained. It is evident that the rate of removal of fluid from the peritoneal 
cavity was very different when heterologous plasma was used. With bovine and 
human plasma the volume of fluid in the peritoneal cavity increased con- 
siderably during the first 5-8 hr. Fluid must, therefore, have passed from the 
peritoneal tissue fluid into the peritoneal cavity. After 8 hr., however, absorp- 
tion proceeded rapidly, so that by 16 hr. no trace of fluid remained. The graph 
_ for the absorption of rabbit plasma in Fig. 1 represents the average results for 
several batches of rabbit plasma. The absorption rates varied somewhat 
between samples of plasma, but in all cases was slow initially and then rapid. 


Rec 


3 


Guinea-pig 


Dye concentration in circulating plasma (mg./I.) 


5 6 7 8 
Hours 


Fig. 2. The dye concentration in the circulating plasma of the rat after the intraperitoneal injection — 
‘ of 20 ml./kg. of plasma plus 4 mg./kg. dye. Average figures for groups as in Fig. 1. 


' Although with heterologous plasma there was usually an initial increase in 
the volume of fluid in the peritoneal cavity, some absorption was occurring at 
the same time. The concentration of dye in the circulating plasma of the rat 
gives a measure of the rate of absorption of the injected protein, since the dye- 
protein complex is absorbed unbroken (Courtice & Steinbeck, 1950a). The 
amount of dye in the plasma at any time will not accurately determine the 
quantity of protein absorbed, since dye-protein will gradually pass out of the 
circulation. The levels of dye in the circulating plasma, shown in Fig. 2, do, 
however, indicate that with heterologous plasma even though fluid was passing 
into the peritoneal cavity some protein was at the same time being absorbed. 
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This absorption of heterologous plasma protein was not nearly as rapid as was 
the absorption of homologous plasma protein. | 

The absorption of orystalline bovine albumin solutions from the peritoneal cavity 
of the rat. Although freshly obtained whole bovine plasma was initially slowly 
absorbed from the peritoneal cavity, solutions of crystalline bovine albumin 
did not behave in the same way. The crystalline bovine albumin was obtained 
from Armours in London and made up in Ringer-Locke solution. The pH of the 
Ringer-Locke solution was 7-25 and of 9% albumin in Ringer-Locke solution 
_ §-55. Bovine albumin was used in various concentrations—3, 5, 9, 15 and 25%. 


100 
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Hours | 
Fig. 3. The rate of removal of fluid from the peritoneal cavity of the rat after the intraperitoneal 
injection of 20 ml./kg. of solutions of crystalline bovine albumin in Ringer-Locke solution. 
Each point represents the average of results on four rats. | : 
As before 20 ml./kg. was injected. The rate of absorption of these fluids is repre- 
_ sented in Fig. 3. With concentrations of albumin up to 9% the absorption of 
fluid was rapid and there was no indication of a considerable outpouring of fluid 
_ into the peritoneal cavity. Even from the 15 and 25% solutions of albumin 
the rate of removal of fluid was much more rapid than from whole bovine 
plasma. 

Protein exchange between peritoneal tissue fluid and free peritoneal fluid. When 
hypertonic or hypotonic solutions of innoxious crystalloids are injected 
intraperitoneally, there is a rapid exchange of ions and small molecules across 
_ the peritoneal membrane (Orlow, 1895; Clark, 1921; Putman, 1923). Deter- 
~ Minations of the protein content of the peritoneal fluid at various intervals 
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after the introduction of fluid into the peritoneal cavity showed that the con- 
centration of protein also tended to reach an equilibrium, presumably with the 
proteins in the tissue fluid of the peritoneum. In Fig. 4 are depicted the changes 
which occurred in the protein level of the peritoneal fluid when 20 ml./kg. of 
0-9% NaCl, rat, bovine and. human plasma, dilutions of these plasmas with 
0-9% NaCl and solutions of crystalline bovine albumin in Ringer-Locke 
solution were injected intraperitoneally. It is evident that if the protein con- 
centration of the introduced fluid was high, the level fell, whereas if the con- 
centration was low, the level rose. Before protein equilibrium was reached, 


@ Rat plasma 
@ Human plasma 
X Bovine albumin 
3% Bovine plasma 
09% NaCl 


Protein concentration in peritoneal fluid (g. %) 


6 7 8 
Hours 


Fig. 4. The changes in protein concentration in the peritoneal fluid at intervals after the introduction 
of 20 ml./kg. of various fluids into the peritoneal cavity of the rat. 

however, alt the peritoneal fluid had been absorbed. As far as the proteins are 

concerned, there are two processes going on at the same time—the slow move- 

ment of protein molecules across the peritoneal membrane in order to establish 

equilibrium and the rapid absorption of proteins through the diaphragmatic 

peritoneum into the subjacent lymphatic capillaries. 

The changes that occurred in the protein concentration in the peritoneal 
fluid were attained by different means for the various fluids used. When isotonic 
NaCl (09%) was injected, protein was slowly added to the fluid. The smaller 
ions and molecules, on the other hand, rapidly attained equilibrium with the 
tissue fluid. In groups of rats at 1 hr. the NaCl level of the fluid had fallen to 
660 mg.% while the n.P.n. had risen to 33 mg.%, that is approximately the 
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same levels as in the blood plasma. When whole plasma or pure albumin in high 
concentrations was injected, the protein level in the peritoneal fluid fell: This 
was attained by dilution with a fluid, the protein content of which varied with 
the type of fluid introduced and not with the concentration of protein in the 
injected fluid. By determining the absorption of dye-protein and of total 
protein, any addition of protein could be detected. The amount of dye absorbed 
from the peritoneal cavity gives a measure of the removal of injected protein. 
If this is the same as the amount of protein absorbed calculated from the 
‘determination of protein, then no protein has been added. If, however, the 
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100 F 9% bovine 
25% bovine | 
£ 70 albumin 
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_ Fig. 5. The absorption of dye and of protein from the peritoneal cavity of the rat after the intra- 


peritoneal injection of 20 ml./kg. of fluid plus 4 mg./kg. of dye. @——@, dye; x----x, 
protein. Each point represents the average of results on five rats in the case of human, incies 
and rat plasma and on four rats in the case of bovine albumin. 


absorption of dye runs at a greater rate than the absorption of ne then 
protein must be added to the peritoneal fluid from the circulation. Fig. 5 shows 
typical results. In Fig. 5(a) it is evident that when rat plasma was injected into 
the peritoneal cavity of the rat, the dye and protein were absorbed at about 
the same rate whereas with human plasma much protein accompanied the fluid 
which passed into the peritoneal cavity. The protein content of the injected 
tat plasma was 6°19% while that of the human plasma was 6°54%. The 
difference in behaviour of these two fluids could not, therefore, be due to a 
difference in their protein content. Although the human dye-protein was not 
absorbed as rapidly as rat dye protein, nevertheless in 8 hr. as much as 77 % of 
the injected dye of the human dye-protein had left the peritoneal cavity. In 
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spite of this, there was at this time more protein (and considerably more fluid, 
Fig. 1) remaining in the peritoneal cavity than was injected. During this time, 
therefore, a considerable amount of protein as well as fluid must have been 
added. 

In Fig. 5(6), the absorption rates of dye and protein after the intraperitoneal 
injection of 9 and 25% bovine albumin and of whole bovine plasma containing 
9° plasma proteins are shown. With pure bovine albumin, the protein content 
was considerably diluted as shown in Fig. 4, but it is evident that the diluting 
fluid contained very little protein. A little globulin did appear in the injected 
fluid, but the amount passing in the short time taken for the absorption of all 
the albumin was barely measurable. Even when 25% bovine albumin solution 
was introduced the dilution was considerable, but the diluting fluid contained 
practically no protein. When bovine plasma was used, however, considerable 
dilution occurred, but the absorption of the dye-protein was much more rapid 
than the absorption of total protein. This means that the chateng fluid con- 
tained protein. 


intraperitoneal injection of 20 ml./kg. of diluted plasma plus 4 mg./kg. ee 
diluted with 0-9% NaCl. Average values for groups of five rats 


Protein in peritoneal | 
fluid (g. %) (%) Absorption 
Injected Final (hr.) Dye _Protein*® 
Rat plasma 1-15 1-77 1 63-9 416 
1-62 2-19 1 61-2 53-7 
Bovine plasma 2:30 2-91 1 35-6 =11-1 
2-30 3-12 3 69-9 36-1 
2-30 3-61 5 93-3 18-6 
Human plasma 1-65 2-40 3 53-5 - 13-6 
3-36 3-55 3 40-9 - 45 


* These values represent changes in total protein in the peritoneal tive values 


When diluted plasma of a low protein content was introduced into the 
peritoneal cavity, the protein level of the fluid rose. This might be due to the 
addition of protein or the absorption of protein-free fluid, or to both processes 
going on simultaneously. Owing to the slower diffusion of protein molecules, it 
would be expected that the more rapid diffusion of the water, ions and small 
molecules would be the main factor in reaching a protein equilibrium. Table 1 
shows the amounts of dye-protein and of total protein absorbed when diluted 
rat, bovine and human plasmas were injected intraperitoneally. In all cases 
there was more dye-protein absorbed than total protein which means that 
protein was added to the peritoneal fluid. With bovine and human plasma, 
however, there was a very considerable difference indicating that much more 
protein was added than with diluted homologous plasma. 
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_ The movement of protein into the peritoneal fluid can also be seen when the 
blue dye T 1824 is injected intravenously and undyed fluid is introduced into the 
_ peritoneal cavity. The dye combines with the circulating plasma albumin so 
that if this protein passes into the peritoneal fluid dye will also. be added. In 
these experiments 20 ml./kg. of an undyed fluid was introduced intraperitoneally 
and 4 mg./kg. of dye intravenously, which gave a terminal dye concentration 
in the circulating plasma, after 1 or 3 hr., of approximately 70 mg./l. The results 
of these experiments are given in Table 2. With whole or half diluted homologous 


Tastz 2. The dye concentration in the peritoneal fluid at intervals after the intraperitoneal 
injection of 20 ml./kg. of undyed fluid and the intravenous injection of 4 mg./kg. of the dye 
T 1824 in rate. Average values for groups of four rats in 1 hr. experiments and two rata in 
3 hr. experiments | 


Protein content 
of rg fluid Dye cone. in 
Time toneal uid 
Fluid injected Initial Final (hr.) (mg./l.) 
Rat plasma ; 6-25 4-61 1 0 
One-half diluted rat plasma 3-13 3-12 1 BS 
One-quarter diluted rat plasma 1-56 2-18 1 10 
Bovine albumin in Ringer-Locke 25-00 18-10 1 0 
25-00 13-60 3 2-9 
Fresh rabbit plasma 6-32 5-24 1 7-2 
6-19 4-95 3 12-3 : 
One-half diluted rabbit plasma 309 8 3-35 8-0 
Fresh human plasma 7-53 6-65 1 8-7 
753 B52 3 35-0 
0:9% NaCl 0 0-62 1 1-5 
| 0 0-91 3 75 


plasma none of the dye-protein was found in the peritoneal fluid, but with 
plasma diluted 1 in 4 containing 1-56°% protein, some dye-protein was found 
and the protein content of the peritoneal fluid rose. With a high concentration 
of bovine albumin, the protein was diluted because here also fluid was added, 
but only after 3 hr. did a small amount of dye appear. These results are in 
contrast to those obtained with fresh rabbit or human plasma where a con- 
siderable amount of blood plasma dye-protein passed into the fluid in the 
peritoneal cavity. When 0-9% NaCl was injected, the dye concentration rose 
as the protein content of the peritoneal fluid rose. These experiments, therefore, 
. confirm the previous findings concerning the protein exchange between peri- 
toneal tissue fluid and the free fluid in the peritoneal cavity. 

Pleural fluid during peritoneal absorption. In normal animals there is usually 
_ only a trace of free fluid in the pleural cavities. We have previously shown that 
when homologous plasma was introduced into the peritoneal cavity of rabbits 
and guinea-pigs some of the absorbed fluid passed out of the lymphatics into 
the mediastinal tissues and the pleural cavities. We also described a few 
experiments in which rabbit — was introduced into the peritoneal cavity 
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of the rat, in which case a considerable amount of the injected plasma passed 
from the lymphatics into the pleural cavities (Courtice & Steinbeck, 19500). 

When rat plasma was introduced into the peritoneal cavity of the rat, there 
was generally ‘no mediastinal oedema and only a trace of fluid could be found 
in the pleural cavities. Even when 50 ml./kg. of rat plasma was given, 98-5 °%, 
was absorbed in 5 hr. and only a trace of fluid appeared in the pleural cavities. 
With guinea-pig plasma, which was also rapidly absorbed in the rat, only a 
small volume of fluid appeared in the pleural cavities even when 50 or 100 
ml./kg. was introduced. In these cases where the lymphatic absorption was 
rapid, there was little or no leakage from the lymphatics during their course 
through the thorax. 
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Volume of fluid in pleural cavities (mi./kg.) 


Hours 

Fig. 6. The volume of fluid found in the.pleu! cavities at intecvale after the intra- 
_ peritoneal injection of 20 ml./kg. of bovine, rabbit and rat plasma. Each point represents 
average of results on five rats. 


With rabbit or bovine plasma, however, the picture was entirely different. 
Fig. 6 shows the volume of fluid in the pleural cavities after the intraperitoneal 
administration of 20 ml./kg. of fresh rabbit and bovine plasma, The volume of 
fluid in the pleural cavities reached its peak usually at about 8 hr. After this 
time the pleural fluid gradually decreased. By 16 hr. there was no fluid left 
in the peritoneal cavity but the pleural fluid was then more slowly absorbed 
and it was not until about 48 hr. that the pleural cavities were once again clear 
of excess fluid. This pleural fluid had a high protein and dye concentration, 
approximately the same as in the peritoneal fluid. Table 3 gives typical results. 
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‘The fact that the dye concentrations in the pleural and peritoneal fluid were 


much higher than in the circulating plasma indicates that the fluid was escaping 
from the lymphatics. Besides this large volume of fluid in the pleural cavities 
there was also a difference in the appearance of the retrosternal tissues where _ 
the draining lymphatics lie. In the early stages the dye-protein could be seen 
to diffuse into the tissues along the line of the para-mammary lymph channels. 
Later the retrosternal tissues became very oedematous and free fluid appeared 
in the pleural cavity. It is clear, therefore, that not only was the removal of 
rabbit and bovine plasma from the peritoneal cavity slow initially, but a great 
deal of what was absorbed into the lymphatics leaked out into the thoracic 
cavity. Considered as part of the total fluid absorption the volume of pleural 
fluid further emphasized the slow initial absorption when rabbit and bovine 
plasmas were used, 


TaBiz 3. The concentration of dye and of protein in the pleural and peritoneal fluid of rate at 


intervals after the intraperitoneal injection of 20 ml./kg. fresh rabbit or bovine plasma plus — 
4 mg./kg. T1824. Average values from groups of five rats 


Protein in peritoneal Pleural fluid Dye concentration (mg. /l.) 


fluid (g. %) r 
Time -—— —, Volume Protein Peritoneal Pleural Circulating 
(hr.) Injected Final (ml. /kg.) (g. %) fluid fluid plasma 
Rabbit plasma 
6-45 5:24 1-0 3-32 148 6-7 
3 5:5 4-56 78 60 9-8 
5 7-22 4-99 9-1 4-61 62 71 14-1 
8 5-62 4-61 4:7 -- 70 65 19-5 
Bovine plasma 
3 7-84 6-03 3:1 4-45 92 61 10-6 
5 7:84 5-26 76 5-04 72 65 15-6 
8 7-84 5-02 8:3 4-66 68 78 18-5 


While the absorption of human plasma followed the same pattern (see Fig. 1) 
only a trace of excess pleural fluid was found and this contained only a trace of 
dye. 

The effect of storage on the absorption of bovine, rabbit and human plasma from 
the peritoneal cavity of the rat. It was decided to test the absorption of bovine 
plasma which had been kept in the refrigerator for 26 days. The plasma was 
clear and sterile, and the protein and N.P.N. content were found to be the same 
as they were originally. To our surprise the absorption rate was entirely ‘lifferent 
from that of fresh plasma (see Fig. 1). There was no initial increase in volume of 
the fluid in the peritoneal cavity, and absorption was quite rapid. After 
storage for 70 days, the rate of absorption was greater still, nearly as rapid as 
that of homologous plasma; moreover there was practically no diffusion into the 
mediastinal tissues and practically no free fluid in the pleural cavity. The 
results are given in Table 4. It can be seen that the difference in the rate of 
absorption of both fluid and of protein is greatly altered by storage of the bovine 
plasma. Not only is the rate altered, but the exchange of fluid is modified. 
PH. CXIV. 23 
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Tabxx 4. Alterations in the absorption of bovine plasma with storage. 20 ml./kg. plus 4 mg. /kg. 
| dye injected intraperitoneally into rats of bovine plasma containing 7:84% protein. Each 
determination is the average of seven results obtained with a group of five rate 


Ist day 26th day : 70th day 
‘Absorption’ of ~ 33-7 29-3 176 402 39-7 746 100-0 
fluid (%) 
‘Absorption’ of ~40 54-5 32-5 56-4 
Pleural fluid 31 7-6 0-6 0-9 0 0 0 
(ml. /kg.) 
Dye in circulating 106 15-6 13-5 2-1 15-9 44-5 
plasma (mg. /1.) 


Storage of rabbit and of human plasma modified their absorption in the same 
way. Results of these experiments are depicted in Fig. 7. Rabbit plasma, 
which when fresh was slowly absorbed and during absorption leaked to a large 


Rabbit Human 
100 57th day 
53rd day 
60 
3 
1st day 
0 
15th day 
-20 
1st day 
Hours Hours 


Fig. 7. The absorption of fluid from the peritoneal cavity of the rat after the intraperitoneal 
injection of 20 ml./kg. of rabbit and human plasma which had been kept in a refrigerator for 
varying periods. @———-@, absorption of fluid from peritoneal cavity; x ---- x, net absorp- 
tion of fluid after allowing for the fluid in the pleural cavities. Each point represents average 
_ of results on five rats. 


extent into the pleural cavities, after 53 days in the refrigerator was absorbed 
almost as readily as homologous plasma. Human plasma absorption showed the 
gradual change depicted. After 57 days’ storage its absorption was nearly 
comparable with homologous plasma. When undyed stored human or rabbit 
plasma was introduced intraperitoneally and the dye was injected intravenously, 
only a trace of dye appeared in the peritoneal fluid. This further showed that 


4 
£ 
J 
ve 


PERITONEAL PROTEIN ABSORPTION 349 


storage abolished the effect of the foreign plasma on the capillary vessels of the 
peritoneum. Storage of rat plasma had no significant effect on its absorption 
rate. 

The absorption of protein when solutions of crystalline bovine albumin are 
injected intraperitoneally. It has been seen that solutions of crystalline bovine 
albumin, even in concentrations up to 25%, were rapidly absorbed from the 
peritoneal cavity of the rat. In high concentrations the albumin exerts an 
- osmotic effect and an almost non-protein fluid was added to the peritoneal 
cavity with a resultant dilution of the albumin. At the same time, however, 
lympathic absorption of a protein-rich fluid proceeded through the diaphrag- 
matic lymphatics. | 

The amount of bovine albumin which can be absorbed from the peritoneal 
cavity of the rat is remarkable. Assuming a plasma volume of 40 ml./kg. and 
an average plasma protein concentration of 6:8% with a plasma albumin level 
of 40%, the total amount of circulating plasma protein in the rat will be 
2-7 g./kg. and of albumin 1-6 g./kg. When 20 ml./kg. of solutions of bovine 
albumin were introduced into the peritoneal cavity, the amount of albumin 
absorbed in from 1 to 5 hr. is shown in Table 5. By using high concentrations 


Tasz 5. The amount of protein absorbed from the peritoneal cavity of rats after the intraperitoneal 
injection of 20 ml./kg. of solutions of crystalline bovine albumin in various concentrations. 
Each determination represents the average of results obtained with a group of four rats 


Albumin in injected fluid Protein absorbed (g./kg. of rat) 


g-% g./kg. of rat 1 hr. 3 hr. 5 hr. 
3-02 0-60 0-14 0:26 — 
5-15 1-03 0-30 0-78 — 
8-73 1-75 0-89 1-51 1-68 

15-00 3-00 1-46 1-74 2-51 

25-00 5-00 1-38 2-41 3-62 


of albumin, an amount of protein equal to, or even greater than, the total 
circulating albumin could be absorbed from the peritoneal cavity. With 25% 
albumin, more than twice the normal circulating albumin could be absorbed 
within 5 hr. 

The general post-mortem appearance. After an intraperitoneal injection of 
homologous plasma the post-mortem appearance in the rat was similar to that 
in the cat, rabbit and guinea-pig. In the rat, however, the lymphatic drainage 
of the diaphragm included both a ventral and dorsal pathway. This latter was 
a paired lymphatic of variable calibre, at times appearing larger than the 
_ parasternal vessel to which it seemed subsidiary, lying in the paravertebral 
position. In addition, the paravertebral lymphatics were transversely or 
obliquely anastomotic across the immediate anterior surface of the vertebral 
pillar, At the intercostal levels there were irregular dilatations continuous 
with the corresponding intercostal lymphatics. Ultimately the paravertebral 
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lymphatics passed to the lymph nodes into which the lymphatics from the 
anterior mediastinum—the paramammary vessels or ventral drainage of the 
diaphragm—also passed. 

During absorption of the homologous plasma, the dye-protein showed little 
diffusion from the paramammary lymphatics into the retrosternal tissues and 
only minimal diffusion about the apical lymph nodes into the mediastinum. So, 
after 5 hr., when absorption was complete, there was almost no evidence that 
the dye-plasma had been introduced into the peritoneal cavity. 

With stored heterologous plasma when the absorption was rapid, and with 
solutions of pure crystalline bovine albumin, the macroscopic post-mortem 
appearance was similar to that observed with homologous plasma, except that 
mediastinal tissues. 

When fresh heterologous plasma was injected inteniieriaiall the lymphatic 
pathways of its uptake were the same but the general appearance differed in 
many respects. With rabbit and bovine plasma peritoneal staining was more 
than with homologous plasma. Extra-peritoneal collections of dyed fluid 
occurred in the greater omentum and some areas of mesentery. Retroperitoneal 
collection of a similar fluid also occurred at the base of the greater mesentery 
and at the costal insertions of the diaphragm. There was also a diffusion of 
dye-protein into the diaphragm, retrosternal tissues and mediastinum. The 
retrosternal tissues were at times very oedematous. With extensive oedema 
the mediastinum was waterlogged, but even though the oedema extended to 
the hila of the lungs the hilar lymph nodes were not stained. Free fluid was 
present in the pleural cavities as already described. In addition, an excess of 
pericardial fluid was present in some cases with the free pleural fluid. This 
pericardial fluid had a high dye concentration but less than that of the pleural 
fluid. With human plasma, peritoneal or subperitoneal petechiae in the 
omentum, mesentery and visceral peritoneum of the stomach and intestines 
were observed. This haemorrhagic response was maximal at 5-8 hr. and was 
lost with prolonged storage. On the other hand, although the peritoneal 
reaction was more severe with human than with rabbit or bovine plasma, 
retrosternal and mediastinal oedema was not found nor was there any signi- 
ficant accumulation of fluid in the pleural cavities. Diffusion of dye-protein with 
the absorption of human plasma appeared to a variable degree with storage. 

Experiments with an intravenous injection of T1824 and an intraperitoneal 
injection of fresh undyed foreign plasma suggested that dyed protein lost from 
the blood vessels appeared about the gastro-intestinal tract and associated 
"mesentery. 

The cellular response within the peritoneal fluid was studied. All plasmas, 
homologous and foreign, both fresh and stored, produced finally a neutrophil 
— leucocyte response. There was a relative variation with the 
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other leucocytes and tissue cells. Foreign plasmas produced a greater response. 
The established response with bovine albumin fraction was, a small 
mononuclear leucocytes. 

The apical parasternal lymph nodes through which the lymph passes were 
also studied histologically. In all cases during absorption the peripheral sinus 
was dilated and the medullary sinuses were distended with plasma. With saline 
and with plasma, except human plasma, the sinuses were filled with polymor- 
phonuclear leucocytes. Foreign plasma, especially bovine, produced a greater 
packing than rat plasma. With storage the packing seemed less. Bovine 
albumin absorption resulted in a small mononuclear leucocyte lodgment within 
the nodes, On the absorption of fresh human plasma the dilated sinuses 
contained red blood cells, some of which at 8 hr. were engulfed by macrophages, 
and only a small number of neutrophil polymorphonuclear leucocytes. The 
histological changes in terms of a gross pattern had resolved within 48 hr. 
though irritation phenomena persisted. 


DISCUSSION 

The purpose of this investigation was to study the absorption of plasma protein 
from the peritoneal cavity. In the rat as in the rabbit and guinea-pig the 
lymphatic absorption of homologous plasma through the diaphragm is rapid— 
20 ml./kg. of plasma being absorbed in 3—5 hr. and 50 ml./kg. in 5 hr. The 
removal of the plasma or plasma diluted to resemble ascitic fluid is no doubt 
aided by the rhythmic contractions of the diaphragm. It is possible, therefore, 
that absorption in a small animal like the rat may be relatively greater than 
from a larger animal. In the rat, rabbit and guinea-pig homologous plasma is 
absorbed fairly rapidly in all; 20 ml./kg. is absorbed, in the rat within 5 hr., in 
the rabbit within 8 hr. and in the guinea-pig within 16-24 hr. Why the absorp- 
tion of 0-9% NaCl and blood as well as plasma is so much slower in the guinea- 
pig than in the rat and rabbit, we do not know. In larger animals Orlow’s early 
experiments in dogs and Bolton’s in cats suggest that the lymphatic absorption 
of homologous plasma proteins from the peritoneal cavity is not slow. How 
rapid absorption would be in man can at present only be a matter of conjecture. 
Since, however, whole blood can be relatively quickly removed from the peri- 
toneal cavity of children (Cole & Montgomery, 1929; Clausen, 1940) and since 
in the rabbit, guinea-pig and rat whole blood is much more slowly removed 
than is plasma (Courtice & Steinbeck, unpublished), it is probable that in man 
@ proteim-rich fluid such as plasma or a solution of albumin will be absorbed 
quite rapidly. 

The experiments with heterologous plasma demonstrate how easily erroneous 
ideas of lymphatic absorption of proteins may be obtained. If, for example, 


only fresh rabbit, bovine or human plasma had been injected into the rat for 


a short-term experiment, it would have been concluded that plasma proteins 
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were only very slowly absorbed whereas an electrolyte solution such:as 0-9°, 
_ NaCl was rapidly absorbed. A foreign plasma or serum has often been used in 
the study of the part played by the lymphatics in removing protein from a 
certain region. If foreign plasma exerts a similar effect in other regions of the 
body and in other animals, it would be difficult to interpret the results of some 
experiments on the physiology of lymphatic absorption. 

Fresh foreign plasma appears to affect the permeability of the capillaries of 
the peritoneum temporarily. It has been shown that the introduction of this 
plasma into the peritoneal cavity causes an outflow of fluid containing some 
protein during the first few hours. This is not an osmotic effect because it does 
not occur with homologous plasma of the same protein concentration, nor to 
any degree with the same foreign plasma after it has remained in the refrigerator 
for 2 weeks or more. After the initial effect on the peritoneal capillaries which 
lasts from 3 to 8 hr. with different foreign plasmas, the fluid in the peritoneal 
cavity is rapidly absorbed. Although absorption through the diaphragmatic 
lymphatics, assessed by the rise of dye-protein in the circulating plasma, 
occurs in the early stages, the rate may not be as great as the formation of more 
peritoneal fluid. At 16 hr. or earlier, however, all the fluid has left the peritoneal 
cavity and there is usually little indication to show that fluid has been introduced. 

Whatever the factor in fresh heterologous plasma may be, it becomes 
progressively less active on storage and it is not- present in solutions of crystal- 
line bovine albumin. All the foreign plasmas used, including human plasma of 
_ group AB, agglutinated rats’ red cells in vitro. In all the experiments with 
bovine or rabbit plasma, there was no haemolysis of the blood samples taken 
from the rat at the various times after injection. With human plasma there was 
sometimes a slight degree of haemolysis which was not observed with stored 
human plasma. The fresh human plasma also caused petechial haemorrhages 
in the peritoneum whereas stored plasma did not. All the stored foreign plasmas, 
however, also caused rapid agglutination of rats’ red cells in vitro, but the titres 
were not determined. When foreign plasma, fresh or stored, was injected intra- 
venously into the rat in a dose of 10 ml./kg. there was no haemolysis except a 
slight degree with fresh human plasma. It seems, therefore, that with human 
plasma of group A or AB (the plasma used in these experiments) the factor 
which causes agglutination of rats’ red cells in witro and in vivo decreases in 
strength with storage. We have, however, no proof whatever that such a factor 
could affect the permeability of the peritoneal vessels. 

~ Once this factor in heterologous plasma has in some way been altered by 

storage, bovine, human and rabbit plasma are all absorbed at approximately 

the same rate as fresh rat plasma. It would seem, therefore, that but for this 

one factor in plasma, the plasma proteins would all be absorbed at the same 

rate by the lymphatics irrespective of species. The experiments with pure 

bovine albumin are, therefore, justified. Although we have not done any 
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experiments with pure rat albumin it seems probable that solutions of both 
bovine and rat albumin will be absorbed at the same rate. If, therefore, the 
peritoneal absorption of proteins in man is rapid, even if not as rapid as in the 
rat, @ considerable quantity of albumin may be absorbed into the circulation 
by this route after the introduction of solutions of pure human albumin. 

The phenomenon of mediastinal oedema and free pleural fluid during 
absorption from the peritoneal cavity has been previously described for the 
rabbit and guinea-pig (Courtice & Steinbeck, 1950b). The excess fluid was shown | 
to come from the lymphatics during absorption and not from the circulating 
blood. In the experiments on the rat, the occurrence of free mediastinal and 
pleural fluid was not commonly observed when homologous plasma, stored 
heterologous plasma and solutions of crystalline bovine albumin were injected 
intraperitoneally. Absorption was so rapid that fluid rarely leaked into the 
thorax. With fresh bovine and rabbit plasma a considerable quantity of free 
fluid appeared in the thoracic cavity. From its dye concentration and from the 
post-mortem appearance at all stages it seems that the fluid came from the 
lymphatics during absorption. There are at least two possible causes of this 
leakage. The first is a partial blockage of the lymph nodes through which the 
lymph passes. We have shown that if a ligature is passed around the main 
paramammary lymph trunks causing a complete occlusion of these lymphatics, 
homologous plasma in the peritoneal cavity is absorbed into the lymphatics 
and then leaks out giving rise to massive mediastinal oedema and a considerable 
amount of free pleural fluid (Courtice & Steinbeck, unpublished). A partial 
block, therefore, could probably cause an increased lymphatic pressure with 
leakage into the mediastinum. Histological investigations in the rat have 
shown that with homologous as well as with bovine and rabbit plasma and with 
09% NaCl, a large number of neutrophil leucocytes appear in the peritoneal 
fluid and in the lymph nodes through which the lymph passes. With bovine 
and rabbit plasma the sinuses of the lymph nodes become closely packed with 
these neutrophils, probably more so than with homologous plasma. ‘Whether 
these neutrophils could temporarily cause a partial block is not known, but it 
is a possibility. With human plasma, the peritoneal reaction is even more 
pronounced than with bovine or rabbit plasma, but there are few neutrophils 
in the parasternal lymph nodes. Also, in these experiments there is little or no 
free fluid in the pleural cavity. 

The second possible cause of the leakage is the factor which affects the 
peritoneal blood capillaries. It is possible that this may also affect the lymph 
vessels and allow protein to escape. If this is so, it is difficult to understand why 
pleural fluid is not produced after the intraperitoneal injection of human 
plasma in rats and why pleural fluid ¢s produced after the intraperitoneal 
injection of homologous plasma in rabbits and guinea-pigs, and sometimes with 
0-9% NaCl in all animals. 
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SUMMARY 


1. The removal of 0-9% NaCl, rat, bovine, rabbit, human and guinea-pig § 
plasma, dilutions of these plasmas with 0-9% NaCl and solutions of pure 
crystalline bovine albumin from the peritoneal cavity of the rat has been | | 
investigated. The quantity introduced was 20 ml./kg. 
2. Homologous plasma was absorbed slightly more rapidly than 0-9% NaCl, 
20 ml./kg. of plasma being absorbed in 5 hr. and of 0-9°% NaCl in 5-8 hr. 
3. Fresh heterologous plasma produced an initial reaction causing an 
increase in the volume of fluid in the peritoneal cavity for the first few hours,” 
This was brought about by an increased permeability of the peritoneal blood 
capillaries. After this initial period of 3-8 hr., the rate of absorption overcame 
the rate of formation of fluid and by 16 hr. all the peritoneal fluid was removed. 

4. When any of these approximately isotonic fluids is introduced into the 
peritoneal cavity there is a rapid exchange of ions and the small readily 
diffusible molecules and a slower exchange of the large protein molecules 
between the blood and tissue fluid on the one hand and the free peritoneal fluid 
on the other. The protein concentration falls if initially high and rises if initially 
low. | 
5. When heterologous whole plasma has been allowed to remain in the Jj 
refrigerator for 2-8 weeks, the initial reaction decreases, until there is no 
reaction at all and the heterologous plasma is absorbed as rapidly as homologous 
plasma. | | 
6. During absorption of the fluid through the mediastinal lymphatics, there | : 
is little leakage of lymph into the mediastinum and pleural cavities when f 
homologous or stored heterologous plasma is used, but a considerable leakage 
occurs with fresh bovine or rabbit plasma. Possible causes of this are discussed. 
7. Solutions of crystalline bovine albumin are rapidly absorbed from the 
peritoneal cavity of the rat. When 25% albumin is introduced an amount more | 
than twice that of the circulating plasma albumin can be absorbed in 5 hr.; 
correspondingly smaller quantities are absorbed when lower concentrations of | 
albumin are used. 

8. The probable rapidity and significance of the absorption of whole plasma =f} 
or of solutions of albumin from the peritoneal cavity of man are discussed. 


We are indebted to Dr A. A. Palmer for his help in the histological investigations. 
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THE DISTRIBUTION OF BLOOD TO THE BRAIN 


By D. A. McDONALD ann J. M. POTTER 


From the Department of Physiology, St Bartholomew's Hospital 
Medical College, London 


(Received 18 December 1950) 


Willis (1664) gave the first anatomical description of the arterial circle at the 
base of the brain. He also performed injection experiments on cadavers, but 
some of his physiological concepts of the circulation appear confused even by 
standards that were modern in his day; for Harvey’s De M oe Cordis had been 
published 36 years previously. | 

No physiological study of the circle was made until the present century. 
Kramer (1912) was the first to study the distribution of blood to the brain in 
the living animal. He injected methylene blue directly into the carotid or 
vertebral arteries of fifty dogs and three monkeys, and studied the post-mortem 
distribution of the dye shortly afterwards. He showed that both carotid and 
vertebral arteries have distinct territories of supply, and concluded that the 
circle was an antero-posterior anastomosis which, ‘under physiological condi- 
tions does not permit the mingling of the blood streams’. He also made a model 
of the circle of Willis, and noted that after ‘carotid’ injection the dye stopped 
in the ‘posterior communicating artery’—there being here a ‘dead-point’ 
where carotid and vertebral blood streams meet. He made no comment on the 
relation of one side to the other. 

With this work the subject lapsed until interest revived with the introduction 
of cerebral arteriography by Moniz (1927) but, although this was a great — 
diagnostic advance, it has added relatively little to the knowledge gleaned by 
Kramer. ‘Rapid serial angiography’ (Curtis, 1949) is a technical improvement 
that may add to the knowledge of this aspect of the cerebral circulation in man. 

Rogers (1947), like Kramer, constructed a model of the circle of Willis, 
which, together with clinical and arteriographic evidence, helped him to draw 
conclusions similar to those of Kramer regarding its function as an anastomosis. 

The object of the present work was to determine in what manner the blood 
is distributed to the brain when conditions of flow are as near normal as 
possible, and to study the factors which govern or cause an alteration in this 
distribution. We have not therefore been directly concerned with the quanti- 
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tative aspects of the blood flow to the brain as a whole, a subject which has 
received so much attention from such workers as Schmidt (1950). 


METHODS 


Two series of experiments have been performed. In one, dye was introduced into the bloodstream 
with a powerful coagulating agent, and the distribution of dye studied after death. In the other 
series, parts of the brain were exposed and the flow of dye observed with a binocular dissecting 
microscope. 

Rabbits were used as experimental animals. They were anaesthetized by intravenous pento- 
barbitone (Nembutal), 30 mg./kg., and inhaled ether. 

' Method of introducing dyes 

In nearly all cases the dye was introduced by retrograde injection into the arterial stream through 
a branch artery some distance from the artery destined for the brain. Thus the internal carotid 
_ artery was filled from a cannula (made from a gauge 14 hollow needle) placed in the external 

carotid, and the vertebral from a cannula in the axillary artery. In either case, the dye was 
introduced towards the heart. This was the only method which produced constant results, for the 
lumen of the artery to be studied was in no way occluded and the pressure within it remained 
essentially unchanged. The contralateral artery corresponding to that holding the cannula was 
also ligated to render conditions similar on the two sides. 

In certain early experiments a distally pointing cannula, connected to a mercury manometer, 
was placed in one common carotid with the external carotid artery tied. This provided some measure 
of the intracranial arterial pressure. Systemic blood pressure was not recorded. 

The rate of injection varied in the coagulation experiments between the extremes of 0-1 and 
1-3 ml./min: Constant results were obtained with an injection of 2 ml. lasting 3-4 min. (0-5-0-7 ml./ 
min.), The same rate was found optimal for the injection of dye alone. An excess of circulating dye 
made the plasma too blue; this factor alone limited the volume of dye injected. During retrograde 
injection, occasional much faster rates were seen not to alter the blood-streams in the basilar 
artery. On this observation and on the internal carotid artery pressure measurement we base the 


conclusion that retrograde injection is satisfactory. 


The dye-coagulation method 

The method of using an intravascular blood-coagulant has already been described in detail 
(McDonald & Potter, 1950). The animal is killed and the brain fixed in formalin. Dissection then 
demonstrates the vessels where dyed blood was coagulated during life. 

Direct observation 

The second method was to study with a dissecting microscope thin-walled arteries either on the 
dorso-lateral surface of the cerebral hemispheres and cerebellar vermis, or on the ventral aspect of 
the medulla oblongata during life while dye was flowing. Evans’s blue dye in concentration 
varying between 0-2 and 5-0% (usually 10%), or methylene blue 1-0% were used. The latter 
diffuses from the vessels and temporarily stains the nervous tissue, which was advantageous for 
making colour photographs. 

The cortical arteries were exposed by nibbling away the convexity of the skull so that the sagittal 
sinus was exposed. The membranes were reflected dorsally on either side as a flap based on the 
sinus in the midline and extending caudally to the lateral sinuses and the torcular, so that some of 
the posterior cerebral artery territory was visible. The cerebellar vermis was similarly exposed more 
caudally, and, if necessary, bone was left to cover the region of the torcular and lateral sinuses 
which intervened between the two fields of study. 

The basilar artery was exposed by reflecting the pharynx and pre-vertebral muscles and 
removing the basal partof the occipital bone (McDonald & Potter, 19496). This preparation usually 
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took 3}-4 hr. because of the problems of haemostasis. With such care, however, the animals were 
still in good condition after 6 or even 8 hr., 5$ hr. being the average duration of an experiment. 
The walls of all arteries studied were sufficiently thin to allow detailed study of the flow of dye 
The occurrence of anatomical anomalies was verified or excluded by dissection (especially at the 
root of the neck to demonstrate the origins of the common carotid and vertebral arteries) or by 
histological examination (to exclude a median septum in the basilar artery) in suspected cases. 
In occlusion experiments the vertebral arteries were obstructed close to the subclavian artery 
and the internal carotid arteries distal to the carotid sinus. 


| ANATOMICAL DATA 

Anatomy of the cerebral vessels of the rabbit 
The disposition of the cerebral arteries is similar to that seen in man. Fig. 1 
shows the ventral aspect of the rabbit’s brain. The two internal carotid and . 


_ Posterior cerebral 
artery . | 
Brain cut away 


Fig. 1. Arteries of rabbit’s brain seen from ventral aspect. 


two vertebral arteries supply virtually all the blood that goes to the brain. 
There is no rete mirabile between external and internal carotid systems. The 
principal features to be noted are that there is a single anterior cerebral trunk 
formed by the fusion of two branches of the internal carotids, and that the 
basilar artery is relatively long compared with that found in primates. 
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The relative sizes of the vessels | 
. Measurements of the external diameters of the main cerebral vessels were 
made (with an eyepiece micrometer) in a series of rabbits killed by an intra- 
venous injection of Russell’s viper venom. The technique was used as described 
(McDonald & Potter, 1950); it was hoped that the intravascular clotting would 
reduce post-mortem constriction of the arteries, but it is doubtful if it does 


lessen it at all. If we presume that the contraction at death is of the same order 
for all these arteries then their relative sizes are of interest (Table 1). 


Tasiz 1. External diameters of arteries after death (,..) 


Representative animals 
(mean of right and left arteries) No. of 
A ———, Range of arteries 
Artery 1 2 3 4 a 7 all cases measured 
Vertebral 470 450 550 — 450 380-600 10 
Basilar 600 600 440 450 620 390 540 390-650 15 
Superior cerebellar 410 280 300 300 260 320 340 260-410 24 
Posterior cerebral 500 250 430 310 410 £380 340 240-540 22 
Posteriorcommu- — 230 340 340 280 250 240 200-340 18 
nicating 
Interior carotid — 470 430 516 600 600 580 430-600 18 
Middle cerebral 310 300 260 300 400 430 340 260-430 20 
Anterior cerebral 340 260 300 260 300 260 260 260-340 7 


The general observations to be made are first, that the diameters of the 
internal carotid and vertebral arteries are approximately the same in this 
species, and, secondly, that the circulus arteriosus is of much the same calibre 
throughout. In particular, it should be noted that the posterior communicating 
artery is a major vessel. __ 

Some measurements have also been made during life. The basilar artery 
(ten cases) ranged between 680 and 1170,. in external diameter at its proximal 
end, and between 660 and 1050. near its mid-point. The anastomoses between 
cerebral arteries on the hemisphere were about 50v. in life, but between 15 and 
25. in animals killed with venom. It will be seen that after death and 
fixation the vessels shrink to approximately one-half their vital calibres. 

It is possible that exposure of these arteries during life causes some dilatation, 
for the normal cerebrospinal fivid pressure has been released and unbuffered 
irrigating solutions (0-9°/, NaCl and Ringer’s) have been used. Such solutions 
have been shown to cause marked dilatation of the pial vessels (Elliott & 
Jasper, 1949). Our exposures have, however, always been bilateral, so such 
changes are unlikely to invalidate our qualitative findings. 


EXPERIMENTAL RESULTS 
(1) The distribution of blood between internal carotid and vertebral systems 


_ This was first studied in four animals by injecting dye and venom indirectly 


into one internal carotid while all other vessels were open. The middle cerebral 
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artery and territory anterior to it was filled with dye and clot; this extended 
about half-way along the posterior commumating artery of the same side. 
Posterior to this point there was undyed blood. In two of these cases this was 
still unclotted, indicating that there was so little mixing at the carotid- 
vertebral blood interface that the venom had not passed across, In addition, 
the hemisphere vessels in the posterior cerebral artery distribution contained no 


blue dye (Fig. 2). 


Posterior communicating 

artery showing interface. 
between carotid and 
vertebral blood 


Fig. 2. Distribution of right internal carotid artery. (Note incompletely bilateral distribution of 
common anterior cerebral trunk.) 


In a further two cases a distally pointing cannula was placed in the opposite 
carotid to register any pressure changes that might occur in the circle during 
injection. No pressure fluctuations were noted, thus supporting the opinion 
that the indirect injection method was preserving the normal pressure relations. 
In these cases an interface between carotid and vertebral territories was seen in 
both posterior communicating arteries. 

In three cases of vertebral artery injection the reverse effect—of dye passing 
only into the posterior portion of the communicating artery—was noted. 

It is not feasible to study directly the posterior communicating arteries 
during life. The distribution of the arteries arising from either end of it (the 


middle and posterior cerebral arteries) can, however, be studied in the living 


animal. In three cases the injection of the vertebral artery caused a distribution 
of dye in the posterior cerebral territory alone (Fig. 3). The surface of the 
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hemisphere was studied with a binocular microscope and in the anastomoses 
between the branches of the middle and posterior cerebral arterial systems the 
demarcation points between blue dye and red blood could be seen. These 
moved slightly at each pulse, presumably because the pulse wave did not 
arrive coincidentally on either side of the interface. The dye would gradually 
disappear into the brain-substances through branches. 


Branches of anterior 
cerebral artery 


Middle cerebral 
artery 


Dura mater | 


Middle cerebral 
artery 


Anastomoses between 
middle and anterior 
‘cerebral arteries 


S artery filled with dye 


Bone covering 
Scale 1 cm. 


Fig. 3. Dorsal surface of cerebrum showing main arteries only. Distribution of right posterior 
cerebral artery shown stippled. (Outline drawing from Kodachrome transparency.) 


If the pressure balance is upset the posterior communicating artery func- 
tions as an anastomosis. If the internal carotid arteries are occluded the blood 
from the vertebrals supplies the whole brain; this has been observed both with 
the coagulation technique and in the living preparation with the hemisphere 
exposed. Even temporary overloading, as in some early experiments in which 
the cannula was inserted directly into the carotid artery (before the more 
refined technique of indirect cannulation was developed), may cause a flow 
from the carotid into territory normally supplied by the vertebral. 
_ Conversely, both vertebral arteries may be acutely occluded and the flow 

of blood from the carotid will supply the hind-brain with blood. In two experi- 
ments this was performed in the preparation with the basilar artery exposed, 
and dye injected into a carotid was seen to flow from before backwards along 
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the basilar towards the occluded vertebral arteries. The flow appeared to be 
confined to a unilateral stream as is the normal flow from the vertebral arteries 
(see § 2c below). The satisfactory injection of the carotid in this preparation, 
however, is difficult and was not repeated. 

In one experiment with the basilar artery exposed the vertebral artery was 
injected, and a McDowall vertebral clamp applied immediately afterwards. 
The vertebral occlusion immediately reversed the direction of flow, and dye 
which had flowed anteriorly came back into view. A partial occlusion of the 
vertebral arteries was then achieved such that a balance between dye (now 
_ flowing with blood from the carotids) and blood (from the partially obstructed 
vertebrals) was formed in the portion of the basilar artery in view. It pulsated 
with each heart-beat and moved with respiration but otherwise remained 
constant until the dye had all dispersed into various branches. This presumably 
is the same type of ‘dead point’ that normally occurs in the posterior com- 
municating artery but which moves when the pressure in one or other arterial 


system is changed. 
(2) The distribution of blood between the right and left sides of the brain 


‘This will be considered at both the anterior end of the circle of Willis (the — 


anterior cerebral artery) and posteriorly with regard to the two vertebral and 
the basilar arteries. — 

(a) The anterior cerebral artery. In the rabbit this is a single, long trunk which 
is not easily accessible. In this series of experiments observations on it have 
merely been incidental to the study of the more posterior regions. We have not 
observed the artery itself directly during life, only parts of its territory. 

Dye from one internal carotid stained the anterior cerebral territory on both 
sides of the brain, although rather more markedly on the side of the injection. 
This has been observed after coagulation experiments and in the living animal 
(see Fig. 2). 

Ligation of one internal carotid caused the blood from the other to fill the 
whole of the anterior portion of the circle of Willis. Demarcation from the 
vertebral blood still occurred in both posterior communicating arteries. 


In some early experiments, where the common carotid artery was injected, a marked staining 
of the olfactory bulb of that side was seen. This did not occur when the external carotid was ligated, 
suggesting that this structure in the rabbit is normally supplied by the external carotid. This was 
the only evidence we observed of branches of this artery supplying blood to the brain. 


(6) The vertebral arteries. Proximal to the point where they fuse to form the 
basilar artery, the vertebrals supply little blood to the brain proper. 

Dye introduced into the vertebral artery by retrograde injection of the 
axillary artery stained the ipsilateral half of the spinal cord from the first 
thoracic segment to the junction of the medulla oblongata and first cervical 
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segment. The blood was supplied to the cord by the anterior spinal artery and 
segmental branches-at each space between the arches of the vertebrae. 

Injection of one vertebral artery when the other was occluded at its origin 
caused dye to be distributed to both sides of the spinal cord. 

The passage of blood into the territory of the occluded vertebral was not 
primarily due to the functioning of the numerous but fine anastomoses of the 
spinal branches of either side. It was mainly the result of blood flowing from 
the free vertebral artery into the basilar artery and then back down the 
occluded artery. This was seen on many occasions and has been recorded | 
cinematographically. 

Release of the occlusion up to 5 sec. after this retrograde flow had occurred 
caused dye to be carried up into the basilar artery once more. This indicates 
that the vertebral artery distal to the point of occlusion is something of a cul- 
de-sac. Therefore the branches given off along its length, although numerous, | 
must in aggregate be so small that they drain only a small proportion of the 


total flow through the artery. 


(c) The basilar artery. Experiments using the coagulation technique provided 
evidence in five animals that blood from one vertebral artery was distributed 
to the branches of the basilar artery on its own side only (McDonald & Potter, 
19494). 

Direct observation of the basilar artery was made in twenty-five living 
animals during the indirect introduction of dye into one vertebral artery. The 
flow from that artery remained rigorously on its own side of the basilar artery 
(Fig. 4). Analysis of a cinematograph film taken at 24 frames/sec. showed no 
evidence of eddying or mixing even at the point where the two streams meet. 
Normally the line between dye and blood appeared as if it had been drawn with 
a straight edge down the centre of the artery from the angle made by the fusing 
walls of the vertebral arteries. The two streams were seen to supply the blood 
flowing into the branches arising from the respective sides of the basilar. 

If there was inequality between the diameters of the two vertebral arteries 
then the streams they formed in the basilar artery showed a corresponding 
disparity. In one animal one vertebral was so small that its cranial end was 
a branch rather than a tributary of the basilar, and dye always flowed into it, 
as well as into the basilar, from its fellow vertebral. The stretch of the basilar 
artery thus under direct observation was about 7-5 mm., or about half its total 
length. That the two streams continue unmixed along the whole extent of the 
artery is confirmed by two other observations. First, dye appeared in a vein 
running alongside the basilar artery, between 1 and 2 sec. after the passage of 


the dye. Only the vein on the same side as the injected vertebral artery con- 


tained dye. As this vein drains territory supplied by the superior cerebellar 

artery (one of the two major terminal branches of the basilar artery) this 

indicates that the distribution remains unilateral. 
PH. OXIvV. 
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Secondly, the direct observation of the dorsal surface of both cerebral 
hemispheres and the cerebellum (also reported in § 1 above) showed that the 
dye only appeared in the terminal branches of the posterior cerebral (Fig. 3) 
and superior cerebellar arteries of the same side as the injection. This was seen 
in three animals. 

In only one case where injection was successful was there failure to see 
streams as described. In this early case no ligature had been placed on the 
non-injected axillary artery. Dye flowed up the vertebral artery, filled the 


Vein containing 


Stream of dye—— 
in the basilar 
artery 


Branch of basilar —— 
artery 


Right vertebral 
artery injected | 
with dye 


Scale 1 mm. 


Fig. 4. Unilateral distribution of dye in the basilar artery and its branches following vertebral 
injection. (Tracing of a photograph.) 


basilar artery and passed into the distal 1 mm. of the other vertebral artery. 
Here an interface between dye and blood was formed which pulsated (like 
those described in § 1 above). Ligating the axillary artery to make the pre- 
paration symmetrical restored the normal streamline pattern. 

As the ligation of the axillary artery must temporarily raise the pressure 
proximal to it, this effect was attributed to a slight imbalance of pressure 
between the two vertebral arteries. In subsequent experiments both axillary 
arteries were occluded at corresponding points. 


If one vertebral artery is occluded, blood from the other artery fills the | 
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basilar artery and supplies the branches to both sides, including both posterior 
cerebral arteries. In addition, as already described (§ 2b), blood flows back into 
the distal end of the occluded vertebral artery. 


DISCUSSION 
Previous work 


The function of the circulus arteriosus. has been the subject of much interest 
and speculation. It is therefore curious that there is relatively little experi- 
mental study of this function in the living animal to be considered. Deductions 
made from anatomical considerations and injection of dead specimens will not 
concern us further, but we must acknowledge that they may be of some value, 
together with models, in interpreting experimental findings, provided their 
limitations are clearly understood. Batson (1944) has stressed some anatomical 
pitfalls which beset the experimental study of the circulation in animals. 
Failure to appreciate species variations, for example, may render much work 
valueless. Wolff (1938) has given a useful review of the comparative anatomy 
of the cranial circulation. 

Studies in the living animal by Kramer (1912) and angiography in man have 
given information about the territories supplied by the main cerebral arteries. 
From this information deductions have been made concerning the flow in the 
circle of Willis, but direct observations have not apparently been made before 
the present study. 

Kramer (1912) used methylene blue injection in fifty dogs and three monkeys 
and studied the areas of brain stained. Comparing his findings with ours, we 
note that, in both, blood from one carotid is distributed to the middle and 


_ anterior cerebral arteries of the same side and to the anterior cerebral territory 


of the other side. If the contralateral carotid was occluded, Kramer found little 
difference in the distribution, whereas we found both middle cerebral arteries and 
all territory anterior to them supplied by the patent internal carotid. Kramer’s 
result implies that vertebral blood moved forward to supply the territory of the 
occluded carotid. Another possibility is that external carotid blood performed 
this function, but it seems probable that Kramer, referring merely to ‘carotid’, 
used always the common carotid, whereas we have been at pains to introduce 
dye into the internal carotid with both external carotids occluded. The 
difference in species used must also be considered in any explanation of these 
different results. 

Considering vertebral injections, we find the discrepancy in results to be 
greater. Kramer reported that injection of one vertebral artery, with the other 
patent, caused staining on both sides of the spinal cord, hind-brain, cerebellum 
and posterior cerebral artery territory. Our experimental results of dye 
distribution and, above all, the long series of observations of flow in the 
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basilar artery make it clear that, owing to the streamline (laminar) blood flow 
in these arteries, the stream from one vertebral artery remains on the same 
side of the basilar artery and is distributed to the branches of that side alone. 

The difference here must be attributed to injection technique. We have 
exercised great care to introduce dye so that the normal flow of blood along the 
artery is neither obstructed by a needle nor the pressure appreciably increased 
by the force of the injection. We have also noted how the small imbalance of 
pressure due to failure to ligate the axillary arteries symmetrically may 
vitiate the result. 

Kramer injected directly into the vertebral artery with a syringe and needle. 
However gently this rather difficult procedure be carried out, it is likely, from 
our observations, to cause a false distribution. Further, the relatively large 
anterior spinal artery in the dog (the animal most used by Kramer) may be an 
additional factor in facilitating the crossing of the mid-line and producing the 
picture of bilateral distribution. 

Kramer’s finding that the staining from vertebral injection tends to become 
ipsilateral if the other vertebral is occluded is directly contrary to our own; for 
under this circumstance the very free anastomosis provided by the basilar 
artery distributes blood to both sides. From his data we can advance no expla- 
nation of this result. 

With his views on the function of the posterior communicating artery as an 
antero-posterior anastomotic channel we are in complete agreement. He pointed 
out, by inference from his experiments and the behaviour of his model, that 
this artery was where opposing streams from the carotid and vertebral arteries 
meet to form a ‘dead point’ but not to mix. Therefore a given cerebral artery 
will be supplied by one or other of the systems but not by both at the same 
time—unless the ‘dead point’ happened to occur exactly athwart its origin. 

The only other experimental findings to be considered are those obtained from 
angiographic studies in man, using radiopaque substances. The method is 
primarily diagnostic of pathological conditions and a review of the literature 
would be out of place here. The circle itself is rarely visualized, although the 
basilar artery may be. The general criticism of injection methods made when 
considering Kramer’s results is particularly apposite here. In order to obtain 
the maximum contrast the radiopaque substance is usually injected fast directly 
into the artery. Commonly, 5-10 ml. will be injected into the carotid within 
2-3 sec. This must cause a great local increase in the volume in this arterial 
system for a short while with a consequent surge of pressure. Thus Curtis (1949), 
using ‘rapid serial angiography’, finds that injection into the internal carotid 
overflows into the posterior cerebral artery in the first 2 sec. but that this clears 
before the middle and anterior cerebral arteries. This finding is to be expected 
if the carotid supply, normally stopping in the posterior communicating 
artery, were, during the surge of pressure consequent on the injection, momen- 
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tarily to overwhelm the vertebral system and prevent its normal contribution 
to the posterior cerebral artery. - 

It has been suggested (Lima, 1950) that this filling of the posterior cerebral 
artery by carotid injection may be due to its being fed naturally this way 
through an abnormally large posterior communicating artery rather than from 
the basilar artery. Such an anomaly occurred in only 3°% of human brains in 
Stopford’s (1916) series, while posterior cerebral filling occurred in 25% of 
Moniz’s angiographies (Moniz, Pinto & Alves, 1933). It is perhaps pertinent 
that Elvidge (1938), who partially occluded the common carotid proximal 
to the injection site, obtained filling in only 14%. This filling may, however, 
be missed unless the film is exposed early (Curtis, 1949). _ 

Similar considerations presumably apply to the filling of the contralateral 


anterior cerebral artery. 


. Vertebral artery injection is much less commonly done because of its greater 
technical difficulty. We can find no published case which showed unilateral 
filling of the basilar artery and its branches, even though Schmidt (1950) says 
that it occurs frequently. Indeed, our experiments suggest that, with the usual 
techniques, this would be unlikely to occur. Retrograde injection of the sub- 
clavian artery has been used in man, and, if the contralateral subclavian were 


also to be occluded, then the physiological picture might be seen. This is not 


a purely academic consideration because bilateral filling of the basilar artery 
indicates an overloading of the local circulation. Such overloading is gross where 


the middle cerebral artery is filled from vertebral injection. Although it is — 


realized that the purpose of angiography is to obtain the anatomical filling of 
as many vessels as possible, these factors should be appreciated. 


The role of arterial anastomoses in the supply of blood to the brain 


_ Kramer (1912) drew attention to the fact that since the time of Willis (1664) _ 
it had been believed that the function of the circle was to equalize the blood 
supply to all parts of the brain and to act as a kind of reservoir. Rogers (1947), 
mentioning the continued prevalence of this concept, also quotes the English 
translation of Willis (1684) as authority for it. Comparison of this work with 
the original (1664) reveals in places a certain embroidery during translation, 
so that it is probably as fruitless to try to guess Willis’s original meaning as it 
is to define precisely, in the language of physics, the meaning of the terms 
‘distributor’ or ‘equalizing station’. These expressions should therefore be 
dropped; for the satisfactory application of a law of the Poiseuille type to 
@ complicated haemodynamic system of varying velocity, in a branching ring 
of non-rigid tubes of variable calibre, is not yet practicable. 

The recognition by Kramer and Rogers of the circle of Willis as an anasto- 
mosis between carotid and vertebral systems is the theme we wish to elaborate. 
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Our conclusion is that any such concept must extend beyond the strictly 
anatomical limits of the circulus arteriosus and include the vertebral and basilar 
arteries. Four large anastomotic channels can then be considered; two antero- 
posterior—the posterior communicating arteries; and two median, side-to-side 
channels—the basilar artery itself posteriorly and the common anterior cerebral 
trunk (or anterior communicating artery or arteries according to species and 
anomalies). 

The antero-posterior anastomosis. The posterior communicating artery on 
either side connects the internal carotid system (or its substitute) and the 
vertebral-basilar system. In this channel, the two sources of blood meet and 
oppose each other because the pressure on either side of the interface is the 
same. This point will oscillate if the pulse waves are out of phase in arriving 
or if the influence of respiration differs in the two systems. This was seen when 
the interface was artifically moved back into the basilar artery under vision. 
The position of this ‘dead point’ in an anastomotic channel can only be 
determined experimentally. The mere existence of a vessel, to many, naturally 
implies a flow of blood through it. In fact, no such through-current need occur. 
For flow to start, an adequate pressure difference must exist between two 
points along the tube, and blood will therefore flow freely in the posterior 
communicating artery only when an event, such as the obstruction of a major 
artery, lowers the pressure in one of the opposing systems. It should be 
mentioned that one posterior communicating artery may be absent in 6% and 
both in 4% of human brains. There may also be considerable variation in both 
their absolute and relative calibres (Stopford, 1916). | 

An additional, and possibly significant, part of the antero-posterior ana- 
stomosis is seen in the much smaller vessels that connect the middle cerebral 
with the posterior cerebral artery branches on the surface of the hemisphere. 
Here similar ‘dead points’ have been observed. The only mixing that will 
occur at such points will be by diffusion over the cross-sectional area of the 
vessel. 

The side-to-side anastomosis. The part played by the anterior and posterior 
mid-line brain arteries has received little comment as there have been no 
experiments adequate to demonstrate the physiological behaviour of the blood 
they carry. They have of course their counterparts in the mid-line elsewhere 
in the body although on a considerably smaller scale. It is this relatively large 
size perhaps that has made their study difficult, by allowing too ready a flow 
across them. This may explain the seemingly incongruous results obtained by 
both Kramer and ourselves in the anterior cerebral artery territory. A discre- 
pancy in size between the internal carotids, by shifting the ‘dead point’ across 
the mid-line, may also be a factor; for we have seen this operate in the vertebral- 
basilar system. Kramer (1912), having elucidated the antero-posterior anasto- 
motic function, must surely have been disappointed in his failure to demon- 
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strate that occurring in the mid-line. For he takes, as examples of other 


functioning anastomoses, those in the mid-line across the thyroid isthmus and 
the tongue, which do not allow blood across unless one carotid is tied. 

The basilar artery must itself be considered as an anastomotic channel of 
a special kind, connecting the two vertebral arteries. The interface here is 
much larger, for it occupies the longitudinal section of the artery. Normally no 
flow occurs across it owing to the streamlined (laminar) nature of the flow. 
Because of its large size, it allows transgression of the mid-line at smaller 
pressure differences than in the previously considered anastomoses, but this 


is a matter of degree only. Since a ‘dead point’ or interface formed between 


layers of streaming blood is perhaps a somewhat unusual concept, a brief 
comment on this type of flow in the basiliar artery is required. 


Starting with the experiments of Osborne Reynolds (1883), it has been shown that a pure fluid 
flowing smoothly through a glass tube does not become turbulent until the value of the expression 
Rvp/n (the Reynolds number) exceeds about 1000; R being the radius of the tube, v the mean 
velocity, p the density of the fluid and 7 its viscosity coefficient. It has been assumed many times 
since that the heterogeneous substance blood behaves similarly in its system of elastic blood 
vessels, 

Coulter & Pappenheimer (1949), however, from experiments in vitro, suggest that, while the 
plasma sleeve behaves thus, the more axially flowing red corpuscles still remain orientated after 
the critical Reynolds number has been considerably exceeded. 

- If, for the basilar artery of the rabbit, we take the values R =0-04 cm., v =40 cm. mje. (a maximum 
vedios; Potter & McDonald, 1950) and p/n =60 (an arbitrary figure, modified from Green, 1944), we 
obtain a Reynolds number of 96. So that, even allowing a considerable error for the problematical 
viscosity value, we are, in this artery, well within the theoretical region for the streamline flow that 
we have always observed. It has been stated that, among mammals, the rabbit has blood of 
exceptionally high fluidity (Hiibner, quoted by Bingham, 1922), but we have not studied this 
particular matter. | 

It may be remembered that inequality in size of the vertebral arteries resulted 
in a corresponding difference in the width of the two main basilar streams and 
a shift from the mid-line. In man, some such inequality is present in 92%, and 
in 72% it is marked (Stopford, 1916). In the basilar artery the most relevant 
anomaly is the rare presence of a median septum. This would provide an 
anatomical barrier, preventing the basilar from acting as an anastomosis. We 


~ have watched for this, but have not observed it in our rabbits, although we 


have encountered an incomplete one in man. 

There is little to discuss concerning the anterior cerebral artery region, for 
we have not studied this so thoroughly. By analogy, where a common anterior 
cerebral trunk occurs (in the rabbit) the same principles should be applicable 
as in the case of the basilar artery, but our results have been insufficiently 
conclusive to test this supposition. Where an anterior communicating artery 
(or arteries) exists, as in man, a similarity to the posterior communicating 
artery is suggested. 

Thus, where both carotid and vertebral arteries contribute, the brain is seen 
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to be supplied by four separate sources of blood, each running into the capillary 
bed of its proper tissue region. To be aware of possible variations and anomalies 
is essential in any consideration of the complex haemodynamics of this region. 
In man, a ‘normal’ circle of Willis occurs in barely 50% (Dandy, 1945). The 
elaborate system of readily functioning connexions between these arterial 
systems may be regarded as evidence of the survival value of having such 
a blood supply to the brain as will not fail in any minor disaster. The efficiency 
of these safeguards is a matter for further study. 


SUMMARY 


1. The distribution of blood from the four main arteries to the brain of the 
rabbit has been studied. A dye-coagulation method has been used and certain 
brain arteries have also been observed microscopically during the introduction 
of dye during life. | 

2. With all four arteries patent, the internal carotid artery sends blood to the 
middle cerebral artery territory and to that of the anterior part of the posterior 
communicating artery of its own side. It also appears to send blood to the 
bilateral territory of the common anterior cerebral artery but with ipsilateral 
preponderance. | 

3. Similarly, the vertebral artery supplies its own side of the spinal cord and 


contributes a strictly unilateral stream to the basilar artery. Its blood is thence _ 


distributed ipsilaterally to brain stem, cerebellum, posterior cerebral artery 
territory and as far as the caudal part of the posterior communicating artery 
territory. | 

4. The two systems meet and oppose each other in the posterior communi- 
cating artery, where a ‘dead point’ or interface is formed without mixing. They 
also meet in much smaller anastomoses on the cerebral hemisphere. 

5. If both internal carotid or both vertebral arteries are occluded, blood 
passes forwards or backwards respectively from the pair which are still patent. 
There is then a functioning antero-posterior anastomosis in each posterior 
communicating artery. 

6. Occlusion of one internal carotid or one vertebral artery results in the 
supply of the defrauded territory by its contralateral fellow. There is therefore 
also a side-to-side anastomosis in both the common anterior cerebral and 
basilar arteries themselves. 

7. Previous work, mainly that of Kramer (1912), and methods for investi- 
gating these problems are discussed and criticized. Anatomical factors, 
including species variations, are also considered. 

8. From present knowledge it is not possible to attribute to the circle of 
Willis any role other than that of collaborator in an unusually elaborate system 
of anastomoses at the base of the brain. In this system the vertebral and 
basilar arteries play an integral part. 
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ELECTRICAL CHARACTERISTICS OF SEPIA AXONS 


By SILVIO WEIDMANN 
From the Physiological Laboratory, University of Cambridge 
(Received 20 December 1950) 


Recent experiments suggest that isolated 200. axons of the cuttlefish (Sepia 
officinalis) provide excellent material for radioactive studies (Keynes, 1949, 
1951; Keynes & Lewis, 1951). It therefore seemed desirable to investigate the 
electrical characteristics of this preparation. The present paper gives the results 
of measurements of the membrane capacity and resistance, of the specific 
axoplasm resistance and of the absolute magnitude of the resting and action 
potential in isolated fibres. It also contains an account of experiments dealing 
with potassium leakage. 


METHODS 


Most of the axons used in the present work were obtained from the same animals as those used by 
Keynes (1949, 1951) in his studies with radioactive tracers. The method of dissection was similar 
to that described by Young (1936) and Keynes (1951). The length of the isolated fibres was usually 
between 45 and 50 mm. and was never less than 42 mm. The experiments were performed at room 
temperatures which varied between 12 and 17°C. For most of the work the fibre was immersed 
in medicinal paraffin oil. 

Resistance and capacity determinations followed the general method introduced by Hodgkin & 

Rushton (1946), and the experimental procedure was that of Hodgkin (1947a). A subthreshold 
current step of a monitored strength was applied to the fibre, and measurements were made (i) of 
the voltage time course at a central leading-in electrode, (ii) of the spatial decrement of the 
potential in the extrapolar region, and (iii) of the longitudinal resistance of the preparation. The 
central electrode consisted of an agar wick which was stretched between two capillaries containing 
Ag-AgCl electrodes. Current was applied to one silver wire and potential recorded from the other. 
The axon diameter was measured by (i) taking the total diameter of the axon and extracellular 
space in the region of the central polarizing electrode when the axon was mounted in paraffin oil, 
and by (ii) subtracting twice the thickness of the extracellular saline film as determined from 
electrical data (see Katz, 1948). For details of the whole procedure reference should be made to 
the paper by Hodgkin (1947a). For potassium leakage experiments use was made of the indirect 
methods of Hodgkin (19476) and Hodgkin & Huxley (1947). 

Resting potentials were measured by leading off from a large volume of sea water and a micro- 
electrode of about 0-5y. external tip diameter inserted into the axoplasm at right angles to the 
surface membrane. Details concerning this technique are found in papers by Ling & Gerard (1949, 
with references to earlier work) and by Nastuk & Hodgkin (1950). The Sepia nerve bundle was 
extended between a thread holding one end and another thread holding a strand of smaller fibres 
split longitudinally off the bundle from the other end. By means of a pair of forceps mounted on 
a stand the free end of the nerve containing the giant fibre was lifted a few mm. above the sea-water 
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surface. Electrical stimuli could be applied through the forceps and the extracellular fluid. For 
microelectrode experiments it was sufficient to clean the central part of the axon over a length of 
about lem. A piece of Perspex, about 5 x 5 x 0-75 mm., rubbed at its edges with sandpaper, was 
placed underneath the cleaned part. The axon fitted into one of the grooves in the Perspex and 
was thereby prevented from rolling under the pressure of the electrode tip. 


| RESULTS 
Membrane resistance, membrane capacity and specific resistance of axoplasm 
The results of this investigation are shown in Table 1 and may be summarized 


by saying that the electrical constants in Sepia axons are similar to those in © 
other invertebrate nerves (see the recent comparison by Katz, 1948). 


TaBuE 1. Electrical constants of Sepia axons 


Axon Diam. m R; Ry Cn 
no. (br.) (mm.) (kQ./em.) (kQ.) (msec.) (Q.cm.) (Q.cm.*) (uF. om.-*) 
8 210 35 37 127 35-5 — 72 4,700 _ 1-52 
9 265 71 3-4 98 32-6 82 4,200 1-96 

10 222 109 31-8 60 2,300 2-33 
ll 185 73 2-0 119 32-2 _— 44 1,400 — 2-71 
246 40 £53 103 23°7 105 9,000 0-87 
13G 37 2-8 297 79-2 18-8 87 5,000 3-76 1-90 
4G 171-105 95 #164 75-7 14-7 76 $31,700 0-46 0-97 
16G 306 33 75 53 33-3 16-9 62 12,300 1-37 1-67 
8G 266 4 6-0 86 68-3 16-0 66 12,900 1-24 2-65 
19 196 44 103 106 107-0 16-0 48 30,100 0-53 1-96 
20 231 4- 6°7 102 44-7 11-2 75 13,600 0-82 1-31 
22G = 221 3-0 9-8 101 80-2 18-0 63 28,500 0-63 1-62 
23G 234 70 446 105 79-5 10-3 59 9,200 1-12 3-29 
2G 5&2 53 140 51-7 59 8,900 1-39 
2G 168 45 42 158 89-4 8-2 48 7,500 1-09 2-69 
144 61 6-7 198 145-0 16-0 47 18,600 0-86 2-19 

27 126 4-0 75 178 123-0 15-5 34 17,400 0-89 1-84 
2G 149 42 48 191 85-2 9-0 51 7,100 1-27 1-86 
Mean 204 5-0 5-7 135 67-7 14-2 63 9,200 1-17 1-87 


t= time after the decapitation of the animal. 
A= space constant of the fibre in paraffin oil (=distance over which an electrotonic potential 
in the extrapolar region falls by a factor e). 
m= longitudinal resistance of the preparation. _ 
V4= potential difference at a polarizing electrode. 
= current flowing through that polarizing electrode. 
T= time constant of the membrane. 
R,= specific p.c. resistance of the axoplasm. 
Ry = D.C. resistance of the surface membrane. 
C,,= capacity of the surface membrane. 
r,/r;= ratio between external and internal longitudinal resistance of the fibre. 
The suffix G denotes that axons were left attached to the stellate ganglion. 
The geometric mean was used for R,, (see text); elsewhere arithmetic means have been 


employed. 


Three axons appeared to have unusually large space constants and gave 
membrane resistances of the order of 30,000 Q.cm.?. These results are of doubt- 
ful validity since the theoretical method becomes inaccurate when the space 
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constant is greater than about one-tenth of the total length of the fibre. 
A further reason for questioning these high values is that they were associated 
with an unusually small apparent capacity. The membrane capacity is obtained 
by dividing the membrane time constant by the membrane resistance. Hence, 
if the resistance is overestimated the capacity will be underestimated. 


While there is some doubt about the abnormally high values for R,, it is 


thought that the low values encountered in the earlier experiments reflect 
a genuine difference in the condition of the axons. Thus a current voltage 
_ curve analysed by the method of Cole & Curtis (1941) revealed that the relatively 
low membrane resistance of 2,300 Q.cm.? in axon no. 10 could be raised to 
10,500 Q.cm.? by increasing the membrane potential 15 mV. with anodal polari- 
zation. On the other hand in axon no. 20 anodal current did not raise the 
resistance above its relatively high resting value of 13,600 Q.cm.2. Repeated 
determinations of the constants in the course of an experiment generally 
disclosed a steady fall in R,, which was not wholly removed by washing away 
potassium from the external film of sea water. This is taken as a sign that the 
excised axon undergoes a progressive deterioration and that its membrane 
gradually loses its insulating properties. Since the values for membrane 
resistance are scattered over more than one order of magnitude it was thought 
that it was best to give the geometric rather than the arithmetic mean. 

The values of axoplasm resistivity are more uniform but an error up to 
+380% should be considered possible since the interpolar distance was not 
always great enough to conform strictly to the theoretical requirements. It is 
thought that the axoplasm resistivity is likely to have been overestimated as 
a result of this source of error. : 

A correct determination of the membrane capacity by the method of 
Hodgkin (1947) is only possible if the membrane has but one characteristic 
time constant and if there is no sign of an ‘inductive element’. To check 
whether these conditions were reasonably well fulfilled, the voltage time curve 
of axon 22G was compared with a theoretical curve drawn on the assumptions 
named above (values from Table 1 by Hodgkin & Rushton, 1946). The degree 
of agreement in this case was satisfactory. In some other cases it was evident 
from inspection of the recorded traces that the conditions were not fulfilled; 
these latter results have been omitted from Table 1. 


Potassium leakage during activity 
Hodgkin & Huxley (1947) found that the membrane resistance of a single 
crab fibre kept in paraffin oil undergoes a decrease as a result of tetanic activity. 
Therise in conductance is approximately proportional to the number of the trans- 
mitted impulses and is reversed spontaneously by the fibre within the first few 
minutes following the period of stimulation. A dip into a large volume of sea 
water has the effect of bringing the original resistance value back almost at 
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once. This suggests that activity results in the accumulation of some ionized 
substance within the extracellular space, towards which the plasma membrane 
is relatively well permeable. On the ground of further experiments Hodgkin & 
Huxley (1947) concluded that the substance most likely to account for the 
effect is ionized potassium. Results by Keynes (1948) with radioactive isotopes 
have since given further justification to this assumption. 

The method of estimating the potassium accumulation involves (i) a determi- 
nation of the extracellular volume, (ii) a calibration of the effect of potassium 
on the membrane conductance, and (iii) a determination of the effect of a train 
of impulses on the membrane conductance. 


10 30 40 
Potassium concentration (mM.) 
Fig. 1. Relation between relative membrane conductance and potassium content of the extra- 
. cellular fluid. Potassium-rich solutions were prepared by adding solid KCl to natural sea 
water. The potassium content of sea water was taken as 9-7 mm. (Webb, 1939). 


In these experiments the extracellular volume was obtained by dividing the 
specific resistance of sea water by the external resistance. This procedure 


_ indicated that the axons were surrounded by a layer of saline about 9p. in 


thickness. This seems reasonable since it corresponds approximately with 
optical estimates of the thickness of the layer of connective tissue which 
adheres to the axon after the small fibres have been removed from it. 

In Carcinus axons trebling the potassium concentration caused a threefold 
increase in membrane conductance (Hodgkin, 19476) and this result is partly 
explained by assuming that potassium ions take a major part in carrying 
electrical charge across the surface membrane. The relation between potassium 
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concentration and membrane conductance of Sepia axons is shown in Fig. 1. 

The fact that all the curves bend upwards may indicate that increasing the 

potassium concentration has the additional effect of increasing the permeability 

of the membrane, possibly as a result of a depression of the resting potential. 


The procedure for measuring the leakage of potassium is illustrated by Fig. 2. The axon was 
kept in the resting condition for the first 33 min. During this time the membrane conductance 
increased slowly; this effect was observed regularly and was almost certainly due to a resting 
leakage of potassium since it was consistently reversed by a wash in sea water (at 18 min.). The 
axon was stimulated at 33 min. with a train of shocks of frequency 50/sec. and duration 30 sec. 
Further trains of stimuli were applied at 2} min. intervals. Each burst of activity caused a rise in 
membrane conductance, and this eventually reached a value about 5 times greater than that in 
the resting state. At this level there was an indication of potassium reabsorption after activity 


+30 
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Fig. 2. Membrane conductance ve. time. Arrows signify a wash of the fibre in sea water. The 
numbers attached to the curve indicate the total number of impulses conducted by the fibre. 


* +10’ means a dip into sea water with 10 mm. solid KCl added. Further explanation in the 
text. 


since the conductance decreased steadily when the axon was not stimulated. At 64 min. the axon 
was once more washed in sea water; this restored the membrane conductance to a level close to 
the original resting value, as is to be expected on the hypothesis that the observed changes were 
due to potassium leakage. A further wash at 69 min. appeared to complete the restoration of 
membrane conductance, but other experiments indicated that the effect may have been due to some 
random variation in the experimental conditions such as a small change in the amount of external 
fluid. Between 70 and 80 min. the axon was dipped into solutions containing an excess of 10, 20 
and 30 ma. K. This served as a calibration for assessing the potassium leakage during activity. 


The average outflow of potassium associated with each impulse was found 
to be 3-4upmol./sq.cm. of Sepia fibre membrane (15 fibres; range 1-5-6-6; 
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sz. of mean +0-3). This value checks satisfactorily with that for the net 
potassium loss given by Keynes (1951, radioactive tracer method), 4:3 pmol. 
cm.~* (impulse)~*. It is also in good agreement with the result by Keynes & 
Lewis (1951, method of activation analysis), 3-6y,mol. cm.~? (impulse)-1. 


| Potassium leakage from a resting fibre 

When immersed in paraffin oil Sepia axons show a steady rise in membrane 
conductance. The effect is largely reversed by dipping the axon into sea water 
and is attributed to a resting leakage of potassium sincé Steinbach & Spiegelman 
(1943) and Keynes & Lewis (1951) have shown that isolated cephalopod axons 
lose potassium steadily. The average outward flux of potassium was estimated 
by the method of Hodgkin & Huxley (1947) and was found to be 3-4yumol. 


sec." (13 fibres; range 2-0-5-7; of mean + 0-3). This is only one third 


to one tenth of the estimates made by Keynes & Lewis (1951) and Keynes 
(1951). The two sets of measurements are not strictly comparable since the 
measurements of Keynes & Lewis were made with axons surrounded by a large 
volume of sea water while these were made with axons immersed in oil. Yet 


the discrepancy does not readily find an explanation. 


Potassium reabsorption 

A crab fibre which has been dipped into sea water containing 30 mm. excess 
potassium and then raised into paraffin oil clears its extracellular space of — 
excess potassium in a few minutes (Hodgkin & Huxley, 1947). With Sepia - 
axons, externally applied potassium was rarely absorbed to any appreciable 
extent. After stimulation there was often some tendency to reabsorb potassium 
but axons varied considerably in this respect. In no case did the membrane 
conductance return to its original value unless the axon was dipped into sea 
water. 


Influence of the cell bodies on the state of the axon 
Isolated cephalopod axons are clearly in an abnormal state since they lose 
potassium and gain sodium at a relatively high rate in spite of their small 
surface/volume ratio. A number of experiments were performed in an attempt 
to see if the condition of the axons could be improved by leaving them attached 
to their cell bodies. The final conclusion from these experiments was that 


_ axons which were left in contact with the stellate ganglion (Young, 1936) 
were in no better condition than those which were tied off below the ganglion. 


However, these experiments are not conclusive since it is probable that the 
ganglion was itself in an abnormal condition. Thus while tetanic stimulation 
of the pre-ganglionic trunk some minutes after the death of the animal resulted 


in vigorous muscular contractions (three experiments), no action potentials 


could ever be recorded 3-4 hr. later from the isolated giant axon upon stimula- 


a vs 
=> 
ag 
af 
‘ 
ig 
id 
a 
q 
® 


378 SILVIO WEIDMANN 


tion of the same preganglionic trunk. It would therefore not be permissible to 
conclude that normal cell bodies are ineffective in preventing an isolated axon 
from undergoing irreversible changes of the kind described. 

The following alterations of the bathing fluid were tried without any obvious 
success: (1) aeration of the natural sea water with a gas mixture of 5% CO, and 
95% O, from the beginning of the dissection; (2) addition of 1 g. dextrose to 
11. of sea water; (3) admixture of glutamic acid (10 mm.); (4) artificial sea water 
(composition given by Keynes, 1951); (5) an artificial sea water with all the 
sodium chloride substituted by an equimolecular amount of choline chloride; 
(6) undiluted blood of the same animal. The last-named treatment destroyed 
one axon immediately. | 

_ Conduction velocity _ 

Katz (1948) compared conduction rates in different types of fibres (squid 
and crab nerve, frog muscle). He found that the data show a reasonable 
correlation if it is assumed that the propagation velocity varies directly with 
the square root of the fibre radius and is inversely proportional to the membrane 
capacity and to the square root of the specific core-resistance. Conduction 


velocities have been determined for three Sepia fibres (Table 2). The values 


are in good agreement with earlier results by Pumphrey & Young (1938, 
10-8 m./sec.) and by Arvanitaki (1939, 5-7 m./sec.). According to core con- 
ductor theory (Rushton, 1937), the propagation velocity of a fibre in a large 
volume of sea water may be expected to be equal to that in paraffin oil 
multiplied by a factor ,/(r;+71,)/r;. The figures so obtained check reasonably well 
with the predicted values of the respective axons. 


TaBLE 2. Conduction velocities of Sepia fibres | 


Axonno.  (°C.) (V./sec.) (m./sec.) (m./sec.) (m./see.) 
20 17 650 7-05 10-7 15:1 
25G 15 720 6-90 13-3 12-1 
27 16 1150 6-17 10-4 15-3 

Average 16 840 6-71 115 14-1 

Resting and action potentials 


The technique of introducing a microelectrode into the fibre became available 
when the main part of this work was finished; only three successful experiments 
could be carried out, The average potential difference of 62 mV. measured in 
a resting axon may be looked upon as closely approximating the absolute value. 
The reasons are as follows: 

(i) The electrodes were of the type filled with 3m—KCl (Nastuk & Hodgkin, 
1950), and it is unlikely that under these conditions liquid junction potentials 
would affect the result by more than a few mV. - 
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_ (ii) The grid current of the cathode follower input tube (Sylvania 1223) was 
of the order of 5x 10-" amp. It can be calculated from the data of Table 1 


that the change in potential resulting from this grid current must have been 
less than 10pV. 


| 
0. 
No. of impale. potential measured corrected potential 
Method 3 fibres ments (mV.) (mV.) (mV.) (mV.) 
Extracellular 12 124 
68-92 99-162 
8.E.+2 
Intracellular —_ 3 32 62 103 (120) 8 
7 


(iii) The possible short-circuiting effect of the hole in the surface membrane 
| | around the tip of the microelectrode was assessed by the ‘two-electrode 
\| experiment’ of Nastuk & Hodgkin (1950). Using a double channel recording 
q system the potential difference across the surface membrane was continuously 
recorded by means of a first electrode whilst a second electrode penetrated. 
| The greatest distance separating the electrode tips was 800yu. as against an 
| average space constant in paraffin oil of 5,700. Thus a potential drop caused 
_ by the penetration of the second electrode would have affected the potential 
| recorded by the first electrode to nearly the full extent. The test was performed 

14 times on one Sepia axon and the recorded fall in potential never exceeded 
I mV. 

The shape of the action potential was similar to that recorded in squid giant 
axons (e.g. Hodgkin & Huxley, 1945): a deflexion with a high amplitude 
(outside becoming negative relative to inside) occupying a time of about 
1 msec. followed by a positive afterpotential declining in about 7 msec. (Fig. 3). 
Using microelectrodes with a resistance of about 10 MQ. the time lag of the 
present recording system was of the order of 100ysec., i.e. such that the records 
must suffer from considerable distortion. Graphical correction of the traces 
by the method of Burch (1890) resulted in action potentials reaching a maximal 
height of about 120 mV.; yet this procedure is unsatisfactory, mainly because 
the true time lag of the recording system could not be determined with 
a sufficient accuracy (method of Nastuk & Hodgkin, 1950). The present equip- 
ment might be improved, however, and working at lower temperatures would 
further reduce the recording difficulties. 

Measurements with external electrodes on fibres in paraffin oil seem to 
provide a more reliable value for the amplitude of the action potential. The 
absolute height was calculated by multiplying the measured height by the 
short circuiting factor (r;+1,)/r, for each preparation (Hodgkin & Rushton 
¥ PH. CXIV. 25 
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1946). It is estimated that the average absolute value of 124 mV. may be out 


by +10% as a result of possible systematic errors involved in determining the — 


short circuiting factor. 


Fig. 3. Resting and action potential of a Sepia fibre. Trace a was obtained with the tip of the 
microelectrode in the axoplasm, trace b with the electrode tip in direct contact with the 
bathing fluid. The axon was stimulated at the beginning of each trace. The potential difference 
across the resting membrane was taken as 62 mV. (positive outside), that across the active 
membrane as 34 mV. (negative outside); the afterpotential had a value of 9 mV. Calibration 
frequency 1000 cyc./sec. | | 
SUMMARY | 

1. Electrical characteristics of the isolated 200y. Sepia axon have been 
determined: membrane p.c. resistance 9,200Q.cm.?, membrane capacity 
1-2F.cm.-*, specific axoplasm resistance 63 2.cm. 

2. By an indirect method it is estimated that the resting leakage of 
potassium through one sq.cm. of membrane is 3-4yymol. sec.-1. Activity is 
associated with an additional outward movement of potassium amounting to 
3°4upmol. cm.-* (impulse)-!. 

3. Reabsorption of potassium lost to the extracellular space during activity 
(fibre in paraffin oil) is incomplete. Absorption of externally applied potassium 
is rarely observed. 

4. Microelectrodes of the type described by Ling & Gerard (1949) are suited 
. to record the absolute magnitude of the potential difference across the surface 
membrane. 


5. The resting potential is 62 mV. and the action potential about 120 mV. 


I wish to thank Mr A. L. Hodgkin and Mr A. F. Huxley who taught me their methods and allowed 
me to use their equipment. For maintenance grants I am indebted to the Rockefeller Foundation 
and to the Stiftung fiir Biologisch-Medizinische Stipendien, Basel. 
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A CRITICAL ASSESSMENT OF THE USE OF BLOOD CELLS 
LABELLED WITH RADIOACTIVE PHOSPHORUS FOR THE 
QUANTITATIVE STUDY OF SKIN BLOOD CONTENT 


By R. W. E. WATTS 


he ts of Physiology, St Bartholomew's Hospital 
Medical College, London 


(Recewed 4 January 1951) 


No completely satisfactory technique is at present available for the comparison 
of the blood content of individual tissues under different physiological conditions. 
Blood cells which have been labelled with radioactive phosphorus (**P) can 

readily be detectedeafter they have been injected into the circulation. Cells 
labelled in this way have been used for the determination of the total circulating 
red blood cell volume by an isotope dilution technique (Hevesy, 1948; Nieset, 
Porter, Trautman, Bell, Parson, Lyons & Mayerson, 1948). The experimental 
work described below was undertaken to see if the radioactivity of the skin 
which results from the presence of such labelled corpuscles can be used to 
measure the skin blood content. When this work was undertaken it was hoped 
that it might prove practicable to apply the method to the study of the dis- 
tribution of blood in other tissues including tumours. 
Reiss, Badrick, Halkerston & White (1949) described a method for the 
continuous graphic recording of the concentration of radioactive materials in 
superficial structures. An attempt was made to apply the technique described 
by these workers to the detection of changes in the distribution of **P-labelled 
cells in the skin of anaesthetized rats. The window of an end-window Geiger- 
Miiller counter was screened to a diameter of 1-0 cm. The screened counter was 
placed in contact with the animal’s skin and the count rate recorded. The intra- 
venous injection of as much as 50 yg. adrenaline, to produce intense cutaneous 
vaso-constriction, did not alter the count rate significantly. It was concluded, 
- therefore, that the count rate recorded under these circumstances was mainly 
conditioned by the amount of radioactive material in the tissues deep to the 
skin, and that this technique was not suitable for the measurement of skin 
blood content. 

The technique finally adopted for the determination of skin blood content 
depended on the measurement of the radioactivity of the phosphorus present 
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in samples of skin and separated from the acid hydrolysed skin as magnesium - 

ammonium phosphate. 
The skin blood content before and after the injection of adrenaline was 

compared in fourteen animals. 


Preparation of cells for injection 
Freshly drawn heparinized blood was used. The corpuscles were separated from the plasma and 
were washed twice with an equal volume of 0-9% NaCl. 

Approximately 200 yc. carrier-free inorganically combined radioactive phosphorus were dis- 
solved in 0-03 ml. of 0-75 m-NaHCO, saturated with CO, and the solution diluted to 0-6 ml. with 
distilled water. This buffered solution is isotonic with mammalian blood corpuscles and has a pH 
of approximately 7-5. The pH of the solution was checked immediately before use and a final 
adjustment to pH 7-3-7-4 made by adding one or two drops of 0-154 n-HCl. 

1-0 ml. of washed packed blood cells was added to 0-6 ml. of the isotonic radioactive phosphorus 
solution in a clean dry centrifuge tube. The centrifuge tube was attached to the stem of an electric 
stirrer and rotated as slowly as possible in a water-bath at 37° C. for 2 hr. The labelled cells were 
then separated by centrifuging, and were washed twice with an equal volume of non-radioactive 
rat plasma. Each washing lasted 5 min. 


Removal of skin specimens 

The rat (200-220 g. in weight) was anaesthetized with pentobarbitone (‘nembutal’), and 0-1 ml. 
freshly labelled cells was injected intravenously. After 5 min., an area of skin about } in. square 
was removed from the anterior aspect of the left side of the animal’s thorax. The skin specimen 
was divided into two similar-sized portions which were transferred to separate weighéd ‘Pyrex’ 
boiling tubes. Dissecting instruments and operating gloves were changed at this stage of the 
experiment. 

Adrenaline (50 ug.) was injected intravenously, and a similar area of skin removed from the 
right side of the anterior thoracic wall during the period of apnoea following the injection of 
adrenaline. This specimen was divided into two approximately equal portions, and each was 
transferred to a weighed ‘Pyrex’ boiling tube. 

No attempt was made to depilate the skin either before or after its removal. ‘Major blood vessels 
were avoided during the dissection. The specimens were carefully inspected to ensure that they 
were free from attached subcutaneous adipose tissue and that they were not obviously contaminated 
with extraneous blood. A strip of skin was left attached to the subcutaneous tissue between the 
two denuded areas in order to diminish the risk of the second skin specimen becoming contaminated 
by radioactive blood or tissue fluid liberated from the site of the first dissection. 


Chemical manipulati 
The specimens of skin were weighed, dried in an air oven at 120-140° C. for 24 hr., cooled in a 


; vacuum desiccator, reweighed, and heated with a mixture of conc. HNO, copper wire and 10% 
-NaClO, solution as described by Boursnell, Francis & Wormall (1946). The residue from this pro- 


cedure was dissolved in 25-0 ml. x-HCl, and the solution was boiled gently and cooled. Saturated 
NaH,PO, (0-3 ml.) was added to provide ‘carrier’ phosphate. ‘Magnesia mixture’ (25-0 ml.) 
(Vogel, 1948) was then added, and magnesium ammonium phosphate precipitated by the addition 
of excess concentrated ammonia (sp.gr. 0-880) as described by Vogel (1948). The precipitate was 
allowed to settle overnight, filtered and washed with 5% ammonia solution until the filtrate was 
no longer blue, i.e, until free from the cuprammonium compound formed during the final stage 


_ Of the precipitation. The precipitate was dissolved in N-HCl and the solution made up to exactly 


15 ml. 
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Radioactivity measurements 
of the final solution was measured using liquid counter (Veall, 1948). 
The number of counts recorded in each determination was sufficient to give a probable error of 


+2:5% (Hi 1948). 
% (Hevesy, 

Accurately measured volumes of a solution of radioactive eae were added to specimens 
of skin similar to those used in the injection experiments, The specimens were dried and the 
phosphorus was extracted, precipitated and ‘counted’ as described above. 100% recovery was 
obtained in each experiment. 

RESULTS 
The values obtained for the radioactivity of the specimens of skin are shown in 
Table 1. 
| Taste 1. The radioactivity of samples of rat skin after the intravenous 
injection of blood cells labelled with **P 
Radioactivity (counts/min./g. dry skin) 


1 . Before adrenaline 1742 1515 1629 
After adrenaline 1032 792 912 
2 Before adrenaline 1442 — 1442 
After adrenaline 996 920 958 
3 Before adrenaline 2151 2064 2108 
After adrenaline 1064 1062 1063 
4 Before adrenaline 2730 2595 2663 
After adrenaline 1811 2095 1953 
5 Before adrenaline 5973 8102 7038 
After adrenaline 2553 5564 4059 
6 Before adrenaline 3816 4294 4055 
After adrenaline 1782 2793 2287 
7 Before adrenaline 4673 3651 4162 
After adrenaline 2103 3727 2915 
8 Before adrenaline 8198 6842 7520 
After adrenaline 3291 2255 2773 
9 Before adrenaline 4616 3361 3989 
After adrenaline 2149 3105 2627 
10 Before adrenaline 10070 10020 10045 
After adrenaline 5355 4650 5003 
ll Before adrenaline 3639 2707 3173 
After adrenaline 1193 2065 1629 
12 Before adrenaline 5790 6564 6177 
After adrenaline 5084 3893 4489 
13 Before adrenaline 1640 1387 1514 
After adrenaline 1339 1021 1080 
- Before adrenaline 644 820 732 
- After adrenaline 467 407 437 


In each experiment the mean value for the P content of the skin is lower 
after the injection of adrenaline than before administration of the drug. The 
values for the duplicate determinations of radioactivity upon which each of the 
mean figures is based show considerable disagreement. Dr J. O. Irwin, of the 
Medical Research Council’s Statistical Research Unit, submitted these results 
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to a statistical analysis and found that the difference between the mean values 
for radioactivity before and after the injection of adrenaline was significant at 


the level of 0-1%. The discrepancies between pairs of duplicate determinations 
were shown to be equivalent to a coefficient of variation of ‘counts’ under 


comparable conditions of about 25%. 


DISCUSSION 
It is necessary to seek an explanation for the discrepancies between pairs of 
duplicate determinations which were found in these experiments. 
Previous workers, quoted by Hevesy (1948), have shown that the **P. which 
migrates into blood corpuscles during labelling in vitro is sufficiently firmly 
bound for there to be no appreciable loss of **P from the cells during the first 


_ half hour following their re-introduction into the circulation of a living animal 


of the same species. Nieset et al. (1948) reported a variable loss of *P not 
exceeding 5°%% during the same period of time. The results of experiments 
performed by the present writer have confirmed these findings. All the skin 
specimens were removed between 5 and 10 min. after the injection of labelled 
cells. It would appear, therefore, that the large discrepancies observed cannot 
be ascribed to **P becoming disseminated throughout the animal’s tissues 
during the experiment. 

Hevesy, Koster, Sérensen, Warburg & Zerahn (1944) and Nylin & Hedlund 
(1947) have shown that intravenously injected blood cells are uniformly 
distributed among the recipient’s corpuscles 3 min. after injection. Hence, in 
the experiments described, the injected cells must have been uniformly dis- 
tributed in the animal’s blood stream by the time the first specimen of skin 
was removed. 

A different animal was used for each experiment, and although the skin 
specimens were removed from the same anatomical region in each case, it is 
possible that the minutiae of the capillary blood supply to a given region differ 
from animal to animal, and between adjacent areas of skin in the same animal. 

The dissection technique described under ‘methods’ was evolved in order to 
avoid the transfer of extraneous radioactive blood to the skin specimens. The 
weight of highly radioactive material necessary to affect the final ‘count’ in 
these experiments significantly would be minute, and it is considered that 
invisible contamination of the skin specimens with small numbers of radioactive 
blood cells was responsible for the discrepancies which occurred. Any further 
modification of the technique used for the removal of the skin specimens in 


order to make contamination with amounts of blood of this order impossible, 


would not be practicable. 

It is concluded that the technique described, although it might have a 
qualitative value, is not suitable for the quantitative comparison of skin blood 
content under different physiological conditions. 
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SUMMARY 


1. The work described was undertaken in order to determine whether blood 
corpuscles labelled with **P could be used as a means of comparing the blood 
content of the skin under different physiological conditions. 

2. The mean value for the radioactivity (counts/min./g. dry weight) of the 
skin removed from rats previously injected with **P-labelled blood cells was 
consistently lower after the injection of adrenaline than it was before the 
administration of the drug. 

3. The radioactivity values obtained for different portions of the same 
sample of skin usually showed marked differences. Possible reasons for this 
finding are discussed, and it is concluded that these discrepancies seriously 
limit the accuracy of this method of measuring skin blood content. 


I am indebted to Prof. A. Wormall for making supplies of radioactive phosphorus available for 
this work and for his continued encouragement and advice. I am grateful to Prof. K. J. Franklin 
for his advice and criticism. My colleague Mr R. Tupper collaborated with me in some of the 
initial work, and I am indebted to Dr J. 0. Irwin for his statistical report on the results. The 
expenses of this work were defrayed by » departmental grant from the British Empire Cancer 

REFERENCES 


Boursnell, J. C., Francis, G. E. & Wormall, A. (1946). Biochem. J. 40, 743. 

Hevesy, G. (1948). Radioactive Indicators. London: Interscience Publishers. 

Hevesy, G., Koster, K. J., Sérensen, G., Warburg, E. & Zerahn, K. (1944). Acta med. Scand. 116, 

561. 

Nieset, R. T., Porter, B., Trautman, W. V., Bell, R. M., Parson, W., Lyons, C. & Mayerson, H. S. 
(1948). Amer. J. Physiol. 155, 226. 

Nylin, G. & Hedlund, 8. (1947). Amer. Heart J. 88; 770. 

Reiss, M., Badrick, F. E., Halkerston, J. M. & White, J. H. (1949). Biochem. J. 44, 254. 

Veall, N. (1948). Brit. J. Radiol. 21, 347. 

Vogel, Ad + (1948). A Textbook of Quantitative Inorganic Analysis. London: Longmans, Green 


“pe 
4 
wey 
4 
§ 
it 
4 
4 
q 
3 
A 
4 
a a 
4 
4 
+ 
4 
4 
A 
iy 
a 


J. Physiol. (1951) 114, 387-398 


SOME FACTORS AFFECTING THE BLOOD CIRCULATION 
: IN THE COMMON EEL (ANGUILLA ANGUILLA) 


By J. C. MOTT. 
From the Nuffield Institute for Medical Research, University of Orford 


(Received 4 January 1951) 


Although the piscine cardiovascular system is very much less complex than the 
mammalian, they are morphologically homologous and any information re- 
garding the regulation of such a relatively simple system is likely to be of value 
in the elucidation of the functions of the more complex structures present in 
mammals and other higher vertebrates. The piscine cardiovascular system is 
not only structurally simpler than the mammalian, but the heart is more widely 
separated from the gill arteries in fish than is the heart from their homologues 
in mammals and this allows of more experimental interference than is always 
feasible in the greatly condensed mammalian system. It therefore seemed 
worthwhile to undertake an investigation of the circulation in the intact 
anaesthetized eel in an effort to add a little to our knowledge of non-mammalian 
vertebrate circulations. 

Apart from the work of McWilliam (1885) on the intact eel and of Keys & 
Bateman (1932) on the perfused heart-gill preparation of the eel, little work has 
been done on the physiology of the teleost circulation. This paper describes 
some experiments on the anaesthetized eel. 


METHODS 
Silver eels (Anguilla anguilla) were used, varying in weight from 500 to 1500 g. The eel was 
considered favourable as an experimental animal since it is readily available in this country, 
cutaneous respiration suffices for its survival up to 15° C. (Krogh, 1904) and the blood hasa lower , 
O, loading tension than many other fish (Krogh & Leitch, 1919). In most of the experiments, 
including all the later ones, a slow stream of aerated water from a Mariotte bottle was run into the 
mouth and over the gills, to supplement cutaneous respiration. This appeared to prolong the period 
during which satisfactory cardiovascular responses could be obtained. 

The traditional method for anaesthetizing a fish is to immerse it in a 24% solution of urethane, 
in fresh or sea water, according to its natural environment. This is satisfactory for eels, which 
become limp and lose their righting reflex in about 10 min. or rather longer in cold weather. Some 
other anaesthetic agents dissolved in fresh water were also used. Sodium pentobarbitone (nem- 
butal) 1 g./l. was the most satisfactory. A 5% solution of ether in water also anaesthetized eels 
but was open to the objection that it led to excessive secretion of mucus by the skin, which is 
inconvenient; it also occasionally caused an abnormal cardiac rhythm. A few experiments were 
done on eels anaesthetized in ‘a saturated solution of chloretone as recommended by Hemmeter 
(1911). Though this induced anaesthesia rapidly, recovery was liable to be equally rapid and to 
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occur without much warning; its use cannot therefore be recommended. Intraperitoneal urethane 
or pentobarbitone proved unsatisfactory. All anaesthetics inhibited the normal respiratory move- 
ments of the opercula. | 

The vascular anatomy of the eel has been described elsewhere (Mott, 1950a). The blood pressure 
proximal to the gills was measured by means of a membrane manometer filled with Key’s cel 
Ringer (1931) from a small glass cannula tied into the ventral aorta just proximal to the first pair 
of afferent branchial arteries, which were ligated. The blood pressure distal to the gills was measured 
in the pneumogastric artery; there is some risk of tearing the pneumatic duct vein during the 
dissection. The membrane manometer was calibrated against a mercury manometer after each 
experiment. Clotting was prevented by using a cannula treated with silicone and containing 


The eel has no superficial veins and intravenous injections were most satisfactorily made by 
means of a cannula tied into a tributary of the jugular vein, which lies above the gills and can be 
approached by a longitudinal dorsolateral incision which does not enter the gill cavity. The cardiac 
branch of the vagus and the fourth branchial nerve are applied to this vein and great care is needed 
in their separation. The hepatic vein can also be cannulated and is approached through a mid- 
ventral incision just posterior to the heart. 

Action potentials were recorded from the peripheral ends of the ninth cranial nerve and from the 
branchial and cardiogastric branches of the vagus by a conventional resistance-capacity coupled 
amplifier, the output of which was displayed with the electrocardiogram on a double beam 
oscilloscope. 


RESULTS 


Table 1 shows the average blood pressures recorded in the ventral aorta, which 
were usually 30-40 mm. Hg at the beginning of the experiment. The pulse 
pressure and blood pressure tended to fall at first, but if a few ml. of eel Ringer 
were infused intravenously, it then rose to a steady level which was often 
maintained for several hours. The initial fall may have been due to several 
causes. There may have been a small loss of blood during the dissection, 


TaBLE 1. Average mean blood pressure in mm. Hg recorded under various anaesthetics, with s.p, 
about the mean. Numbers of animals in brackets 


Nembutal and 
Vessel Urethane Nembutal urethane . Ether 
Ventral aorta 35°5+9°8(17) 38:5413-6(4) 43-8441 (5) 
Pneumo-gastric artery 16+5:°7 (2) 2248-6 (3) 2248-5 (2) 


evaporation of body fluids may be going on to a considerable extent through 
the mucous glands, and since fish have no valves in their veins, the venous 
return is not likely to be good. The eel with its great length may well be in a 
particularly unfavourable position from this point of view in spite of the presence 
of a lymph heart at the tip of the tail. The circulation times recorded angio- 
graphically in the anaesthetized eel (Mott, 19505) are very long, and if one 
considers the constant co-ordinated undulating movement displayed by the 
living fish, which will undoubtedly promote the venous return, it seems probable 
that any blood-pressure measurements in the anaésthetized fish may give 
results considerably below those recorded in the unanaesthetized animal. 
Jolyet (1872) observed a pressure as high as 55-70 mm. Hg in a branchial artery 
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of an eel, but no details of his preparation were given. The highest mean 
pressure recorded in the present series of experiments in the ventral aorta was 
55 mm. Hg in an animal anaesthetized with urethane. 

Skramlik (1935), in his extensive review of the fish circulation, reports 
Brunings (1899) as believing the pressure in the great veins in fish to be as low 
as —20 cm. of water, but says that Brunings made no proper measurements. 
In two experiments of the present series, the venous pressure in the hepatic 
vein, very close to the sinus venosus, varied from about —4 to +5 mm. Hg and 
showed a tendency to rise with repeated infusions of eel Ringer. 

The main interest of examining the circulation of a teleost was to see in what 
respects it differed from that of mammals. Although the autonomic system 
has been described in several fish including the eel by Chevrel (1887) and in 


Fig. 1. Tracing of blood pressure in the ventral aorta. The first intravenous dose of 10 yg. adrenaline 
caused a rise in blood pressure, while a second dose had no more effect than the same volume 
of Ringer solution (sal.). 10 zg. noradrenaline similarly had no efiect. 

Uranoscopus by Young (1982), the existence of cardiac sympathetic nerves in 
fish has been doubted except by Izquierdo (1930) who worked on an elasmo- 
branch, Stimulation of the sympathetic chains of the eel was not practicable 
since they are inaccessible and barely visible to the naked eye. However, it 
was of course simple to inject adrenaline and acetylcholine and see what effect 
they would produce. 

Adrenaline was reported by Keys & Bateman (1932) to cause dilatation of the 
branchial vessels in the perfused heart-gill preparation, at a concentration 
which caused constriction of the vessels of the tail of the eel perfused with 
Ringer solution. Adrenaline in doses of up to 20 jg. usually has relatively little 
effect on the blood pressure in the ventral aorta of the intact eel, often no more 
than the same volume of Ringer solution. However, it is not unusual for the 
first dose of adrenaline to raise the blood pressure in the ventral aorta (Fig. 1) 
while subsequent doses have no effect. Injections of noradrenaline produced 
no effect. 
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Acetylcholine administered intravenously in doses of up to 20 yg. caused the 
expected fall of blood pressure and slowing of the heart (Fig. 2). On one occasion, 
following atropinization 40 yg. of acetylcholine caused an increase in heart rate 


Histamine 


ACh 


Fig. 3. 
Fig. 2. Tracing of blood pressure in ventral aorta showing slowing of heart rate and fall of blood 
pressure caused by 10 yg. acetylcholine injected intravenously. 
Fig. 3. Tracing of blood pressure in the ventral aorta. Between C and D 0-25 mg. atropine injected 


intravenously. Following atropinization, intravenous acetylcholine caused an increase in 
heart rate. 


Fig. 4. Tracing of blood pressure in the ventral aorta, showing the fall caused by 2 yg. histamine 
injected intravenously. 

(Fig. 3). This could be interpreted as due to direct stimulation of sympathetic 

ganglia in the myocardium, as described by Hoffman, Hoffman, Middleton & 

Talesnik (1945) in mammals, were it certain that such ganglia exist in fish. 
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Histamine in small doses caused a fall of blood pressure in the ventral aorta 
(Fig. 4), while pituitrin caused a moderately prolonged rise. 

Small doses of sodium cyanide and nicotine were also investigated for their 
effect on the eel circulation, as it was thought they might stimulate any chemo- 
receptors present in the heart or gills. Sodium cyanide in doses of up to 10ug. 
had no effect or merely caused a disturbance of cardiac rhythm, 100 yg. 
caused a fall of blood pressure and slowing of the heart rate. Nicotine (in doses 
of up to 50 yg.) caused no significant alteration of blood pressure even when the 
dose was sufficient to cause generalized twitching of the body. 


Branchial depressor reflex 


McWilliam (1885) reported that mechanical stimulation of the gills and 
branchial nerves of the eel caused inhibition of the heart beat, sometimes for 


Fig. 5. Effect of stimulating electrically the central ends of the ninth and tenth cranial nerves on 
the blood pressure in the ventral aorta. At D the ninth cranial nerve was stimulated and at 
C, B and A the first, second and third branchial branches respectively of the tenth cranial 
nerve. 

Fig. 6. Effect on the blood pressure in the ventral aorta of stimulating electrically the central end 
of the cardiogastric branch of the tenth cranial nerve. 


up to 15 min. This suggested that in view of the morphological homology of the 
first branchial arch of fish with the mammalian carotid bifurcation and of the 
second left branchial arch with the mammalian aorta, it might be worth looking 
for a depressor reflex from the branchial vessels. 

Electrical stimulation of the central ends of the branchial nerves and of the 
cardiogastric branch of the vagus caused slowing of the heart and a fall of blood 
pressure (Figs. 5, 6) which was abolished by section of the cardiogastric branch 
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of the vagus or by atropine. The effect could be obtained with square wave 
constant current pulses of short duration (about 40 psec. at 25 impulses/sec. 
and 0:25 mA.). Comparable effects on the heart rate could also be produced by 
an adequate pressure rise in either the first or the secoud pair of branchial 
arches. 

The arrangement for raising the pressure in the first pair of branchial arches 
was as follows. The first pair of efferent branchial arches were ligated through 
the dorsolateral incisions already described. The ventral aorta was ligated just 
anterior to the second pair of afferent branchial arteries and a cannula, con- 
nected to a Mariotte bottle of eel Ringer, inserted into the ventral aorta anterior 
to this ligature and facing cranially. The first pair of afferent branchial arteries 


Fig. 7. Upper tracing is of heart rate recorded by a thread and writing lever, lower record is of the 
rise of pressure in the isolated first branchial arch. At A the pressure rise was adequate to 
inhibit the heart beat, while at B it was not. -A rise of pressure which was adequate at C, had 
no effect at D, after the injection of 0-25 mg. of atropine between C and D. 


were thus only in connexion with the fluid in the Mariotte bottle and the height 
of this was adjusted so that the pressure approximated to the normal blood 
pressure. The pressure was raised by attachment through a two-way tap to 
another Mariotte bottle above and the rise was measured by a mercury mano- 
meter. A similar procedure was applied to the second pair of branchial arches. 

Fig. 7 shows the effect of raising the pressure (lower record) in the first pair 
of afferent branchial arteries on the heart rate (upper record), which was 
recorded from a string attached to the anteroventral cardiac border. At A 
and C the pressure rise was sufficient (30 and 25 mm. Hg) to inhibit the heart, 
while at B a rise of 20 mm. Hg did not inhibit the heart. At D, after the in- 
jection of 0-25 mg. of atropine, a rise of pressure of 25 mm. Hg was ineffective. 

Lutz (1930) and Lutz & Wyman (1932a) performed similar experiments on 
elasmobranchs where, however, conditions are less favourable since the efferent 
vessels cannot be tied for anatomical reasons and stimulation of the branchial 
nerves involves opening the anterior cardinal sinus in which they lie. 
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It proved difficult to record action potentials in the peripheral ends of the 
ninth and tenth cranial nerves of the anaesthetized eel and out of a number of 
successful experiments, in only one was spontaneous activity synchronous with 
cardiac systole heard. Failure may have been due to the poor venous return 
and consequent low arterial pressure in the anaesthetized eel, since gentle 
rhythmical pressure on the heart region or infusion of saline into the hepatic 


“4 


Fig. 8. Record of action potentials from the fourth right branchial nerve. During the period 
signalled on the upper trace (the three portions of record read consecutively), the pressure in 
the ventral aorta was raised by the infusion of Ringer solution and caused the appearance of 
large action potentials. Time marking 10 msec. 


vein usually elicited rhythmical action potentials in these nerves. Raising the 
pressure in the ventral aorta by about 40 mm. Hg also caused a great increase 
in the spontaneous activity in the branchial nerves (Fig. 8). No activity was 
recorded in the part of the cardiogastric vagus lying posterior to the cleithrum; 
this may have been due to the difficulty of dissecting the nerve in this region 
where it is embedded in fibrous tissue. 
_ Irvine, Solandt & Solandt (1935) were successful in obtaining spontaneous 
activity of fibres from branchial presso-receptors in the dogfish. 

During the present experiments, it became apparent, that the branchial 
nerves also contained fibres which were stimulated by touch, and which could 
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be caused to fire by little jets of water or by gentle stroking of the gill with a 
bristle; this response could be obtained from all gills, and was not elicited by 
rises of pressure in the ventral aorta. It therefore seems that there are two 


the other to external touch. 


DISCUSSION 


The general picture of the blood pressures in different vessels of the anaesthe- 
tized eel obtained from the experiments described resembles that described for 
other fish in the literature reviewed by Skramlik (1935); in particular there is 
a big drop of pressure across the gill vessels (Table 1) in spite of the large 
circulation time of 5-6 sec. (s.D. about mean 1-9) through this organ, determined 
angiographically (Mott, 19506). Brunings (1899) believed that there was a big 
negative pressure of —20 cm. of water in the great veins of fish but made no 
measurements. The present experiments do not support this contention, nor do 
the only measurements to be found in the literature for venous pressure in fish 
which were given by Schoenlein & Willem, (1894). In Torpedo marmoraia, they 
found a pressure of 13 mm. of water in the lateral cutaneous vein and of zero 
in the cardinal sinus when the coelom was open. Schoenlein & Willem also 
emphasize the probable beneficial effect of the fish’s normal movements on the 
venous return, and while admitting that the venous pressure of fish may well be 
low, it seems unlikely that it is as low as Brunings believed. 

In passing it may be mentioned that many of the blood-pressure records 
_ showed the dicrotic notch, which would be expected from the elasticity of the 
bulbus arteriosus, as indicated by angiographic evidence (Mott, 19500). 

It was established by Keys & Bateman’s perfusion experiments that adrena- 
line dilates the branchial vessels and constricts the systemic capillaries, This is 
compatible with my results with adrenaline, which much resemble those of 
Lutz & Wyman (19326) in elasmobranchs; they also found that the first dose 
may cause a rise in blood pressure in the ventral aorta, but that subsequent 
doses are ineffective, and they attributed this to the fact that the systemic 
vessels are then maximally constricted. 

Small doses of acetylcholine (up to about 20 yg.) produced the expected 
slowing of the heart and often a fall of blood pressure. MacKay (1931) also 
obtained a slowing of the heart and fall of blood pressure in various elasmo- 
branchs on the injection of acetylcholine but he used very large doses (0-25- 
2 mg.) and also noticed an eventual pressor effect. The doses of acetylcholine 
which are effective in eels compare much more closely with those that are 
effective in mammals. 

Small doses of histamine (up to 2 ug.) produced a fall of blood pressure and 
some slowing of the heart in the eel. MacKay (1931) found in skates that large 
doses of histamine (0-25-10 mg.) also caused a slight fall in blood pressure, but 


types of sensory endings in the gills, one responsive to intravascular pressure, | 
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Krawkow (1913) reported that in the perfused gills of the pike it caused con- 
striction. 

The observation of a depressor reflex from the branchial vessels of the eel in 


‘response to a rise in internal pressure establishes the existence of this reflex in 
another chordate class. Though the threshold pressures required in the eel 


seem high, it must be remembered that the difference between the blood 
pressure of an actively moving eel and an anaesthetized one is probably very 
considerable, so that it is quite likely that this reflex is a normal physiological 
mechanism, The value of such a mechanism in an animal where the relatively 
delicate gill capillaries are so close to the heart is obvious. Lutz & Wyman 
(1932@), who worked on elasmobranchs, also suggest that it is a a 
for maintaining normal vagal restraint. ; 

The touch receptors on the gills of the eel may possibly be analogous to the 
afferent side of a respiratory inhibitory reflex described in Squalus acanthias by 
Lutz (1930), who found that touching the gills or altering the rate at which 
water flowed over them caused reflex changes in the rate of the rhythmical 
pumping action of the pharyngeal muscles which draws water over the gills. 

It is particularly interesting to consider the circulatory mechanism of the 
lower vertebrates in relation to those of mammals. For example the dilator 
action of adrenaline on the branchial arteries of fish has a parallel in its action 
on the mammalian coronary arteries, which are of branchial origin as was 
pointed out by Keys & Bateman (1932). 

Koch (1931) was the first to realize that the carotid sinus and aortic decreseat 
reflex of mammals come from areas of the vascular system which are of bran- 
chial origin. Analogous reflexes have been obtained from the carotid sinus 
region in the fowl by Ara (1934) and from the branchial vessels in Necturus by 
Lutz & Wyman (1932c). Meyer (1927) stimulated electrically the central end 
of the ninth cranial nerve of the frog and obtained a small fall of systemic blood 
pressure but I have been unable to confirm this in the toad. Meyer also got a 
rise of blood pressure on cutting both glosso-pharyngeal nerves in the frog. 
Kuno & Briicke (1914) found that in the frog a rise in aortic pressure caused 
a fall of systemic blood pressure and slowing of the heart. The situation 
in reptiles does not seem to have been investigated. Nevertheless, there is 
considerable evidence to suggest that there is here a physiological homology 
throughout the gnathostomes and it would be interesting to see if such a reflex 
could be obtained from the Agnatha. 

End organs which are believed to be pressoreceptors and which could be 
responsible for the afferent side of this apparently widespread vertebrate 
cardio-depressor reflex have been described in several non-mammalian species. 
Nonidez (1935a@) has given an account of such end organs in birds, Boyd has 
described some in Vipera berus (1941) and also in the adventitia of the branchial 
arch arteries of Mustelus (1936). In the frog, fibres from the ninth nerve end on 
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the carotid gland but their details have not been described (Boyd, 1933). The 
endings in Vipera berus and Mustelus do not very much resemble the more 
elaborate ones of birds and mammals (Boyd, 1941). 

A cardio-depressor reflex elicited from the heart in mammals by veratridine 
was shown by Dawes (1947) to be due to the stimulation of receptors in the 
area of distribution of the coronary arteries. This reflex can also be obtained 
with certain amidine compounds (Dawes & Mott, 1950; Dawes & Fastier, 1950) 
and is another example of a cardio-depressor reflex from a branchiogenic area. 
The natural stimulus for it is not certainly known, but Jarisch & Zotterman 
(1948) have described small slowly conducted potentials which are elicited by 
pinching the ventricular septum and which they consider may be evoked by 
undue distension of the ventricle. 

The amidine compounds also cause a reflex fall of blood pressure and heart 
rate through their action in the mammalian pulmonary circulation where 
veratridine is ineffective. Cardio-depressor reflexes due to increase of pressure 
in the mammalian pulmonary circulation have been described by Schwiegk 
(1934) and by Daly, Ludény, Todd & Verney (1937), who thought the receptors 
might be on the venous side. 

Cardio-depressor reflexes from the mammalian pulmonary civoulation are of 
_ great interest in view of the partial homology of the fourth branchial arches of 
lower vertebrates with the pulmonary arteries of amniotes. No histological 
basis for any of these mammalian pulmonary cardio-depressor reflexes has yet 
been defined, and indeed the available evidence is contradictory. Boyd (1940) 
found fewer endings on the pulmonary arteries than on the ductus arteriosus 
and aorta where they were of a different type. Nonidez (19356) found no re- 
ceptors on the pulmonary trunk and proximal part of the pulmonary arteries, 
while Takino & Watanabe (1938) described a rich sensory nerve supply in this 
area. The time is therefore not ripe to emphasize the physiological homology of 
the piscine fourth branchial artery and the mammalian pulmonary artery; 
nevertheless, it may eventually be profitable to bear the comparison in mind. 
Certainly it appears as if presso-receptors in branchial or branchiogenic areas 

may be an ancient and widespread vertebrate characteristic. 


SUMMARY 


1. Various methods of anaesthetizing eels are discussed ; the best results were 
obtained with the eel immersed in a 24% solution of urethane or in a 0-1 Ve 
solution of sodium pentobarbitone in tap water. 

2. The blood pressure was measured in the ventral aorta or in the pnheumo- 
gastric artery. 

3. The probable inadequacy of the venous return in the anaesthetized eel is 
emphasized. 
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4, The results of the intravenous injection of adrenaline, acetylcholine, 
histamine, pituitrin, sodium cyanide and nicotine are described. | 

5. An account is given of a cardio-depressor reflex elicited by a rise in pres- 
sure in the branchial vessels. 

6. Action potentials have been recorded from the peripheral ends of the 
branchial nerves. Two types of sensory fibre have been distinguished, one 
stimulated by an increase in intravascular pressure, the other by light mechani- 
_eal stimulation of the gill. Spontaneous activity, synchronous with the cardiac 
thythm, in the branchial nerves, was rare, probably owing to the low blood 
pressure in the quiescent eel. 

7. The results obtained in these experiments on the eel circulation are 
compared with those described in the literature for other fish. 

8. Physiological and histological evidence is assembled from the literature 
for the widespread existence among gnathostomes of cardio-depressor reflexes 
which can be elicited by the stimulation of receptors in branchial or branchio- 
genic areas. 


I would like to thank Dr G. S. Dawes for his constructive criticism and encouragement. 
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THE RELATION BETWEEN THE SPACE CONSTANT AND 
CONDUCTION VELOCITY IN NERVE FIBRES OF 
THE A GROUP FROM THE FROG’S SCIATIC 


By J. J. LUSSIER* anp W. A. H. RUSHTON 
From the Physiological Laboratory, University of Cambridge 
(Received 1 February 1951) 


It has long been recognized that the cable structure of medullated nerve 
affects the current flow through the tissue, and that many features of current 
spread and excitation may be approximately explained from the known 
distribution of current in a uniform cable. In particular, if the epineurium is 
stripped from a frog’s sciatic nerve, the spatial features of excitation may be 
rather accurately predicted when A, the space constant of the fibres, is known 
(Rashbass & Rushton, 19495). This constant may easily ‘be found by plotting 
the relation between excitability (=1/threshold) and the 7 apart of the 
electrodes. The resulting curve has the formula 


=1—exp(—2/A), 


where ¢, is the excitability at interpolar distance z, end sey this A is at once 
obtained. 

Now the nerve fibres so far studied by this method have been the most 
excitable ones in the sciatic trunk, and it is a matter of some interest to know 
if other fibres have the same value for A or not. It is well known, from the 
classical researches of Erlanger & Gasser (1937) and their colleagues, that 
fibres of the sciatic nerve may be grouped according to their size and that man 
other properties, notably conduction velocity, go hand-in-hand with fibre 
diameter. These investigators did not make a special study of the spatial 
aspects of excitation, and the present work attempts to answer the question, 
for nerves of the A group: ‘Is the space constant the same for «, 8 and y fibres, 
and if not, in what way is it related to the conduction velocity?’ 


* Medical Research Fellow, National Research Council, Canada. 
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The interest of this question is threefold. First, it is satisfactory to add the 
spatial to the other aspects of excitability already correlated with conduction 
velocity. Secondly, the matter is of importance in any measurement of 
electrotonus made upon a mixed nerve such as the sciatic. For, clearly, if the 
space constants for various fibres are different, no simple curve of electrotonic 
spread in the whole nerve can be expected. Thirdly, it is possible to explain 
most of the similarities and differences between the fibres of the A groups by 
theoretical considerations based upon the known structure of the fibres. This 
idea will be treated in a later paper. But it may be stated at once that the 
theory predicts that for each fibre, A should be proportional to conduction 
velocity. We were therefore interested to see whether this was so. 


| Principle of the experiment 
The aim is stn find the relation between interpolar length and the threshold 
current necessary to excite different fibres in the (stripped) nerve trunk. The 
problem presented is of two kinds: how is the current to be accurately applied 
and measured, and how is the threshold to be ascertained for the various types 
of nerve fibre? 
The first problem was dealt with by the method of Rashbass & Rushton 
(19494), which is summarized in the next section of this paper. The solution to 
the second problem may be appreciated by referring to Fig. 1. 
The rectangular pulse whose threshold value is measured has a fixed cathode 
C and movable anode A. The action potential is recorded through the ampli- 
fier B. The kind of record obtained is seen in Fig. 2(a). 
As the strength of stimulus increasés the action potential increases in height 
keeping much the same shape, but there is a slight decrease in latency. This 
would be expected from decreased utilization times and from current spread. 
As more and more fibres are excited, not only is the height of the « spike 
increased but a 8 hump appears upon the descending phase of the « wave, and 
there is a marked change in the diphasic artifact. 
In order to isolate the 8 contribution for investigation, the « wave was 
abolished through refractoriness (as demonstrated long ago by Erlanger, 
Gasser & Bishop, 1924). If the threshold current CA is anticipated by a brief 
shock S (Fig. 1), so timed that the impulse from S arrives at C exactly when the 
current is applied there, then all the fibres excited by S will be refractory to the 
stimulus at C. | 
Since the shock electrodes are rather close to the recording leads the action 
potential due to S is finished before the record due to C begins. But a rather 
strong shock-escape distorts the base-line at the highest shock intensities. 
_ Fig. 2(6) shows the action potentials due to a fixed strong stimulus at (’ when 
anticipated by shocks at S of various strengths. 
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When the shock is zero the wave is naturally the same as the highest wave 


_ of Fig. 2(@). As the shock strength is increased, more and more fibres ate made 


refractory and the wave gets smaller, but in quite a different way from the 
diminution in Fig. 2(a). For there the most excitable fibres were the last to fail, 
whereas here they are the first to fail. In this way it is hago to obtain a 
fairly good separation of the He wave. 


Fig. 1. Arrangement of electrodes. A is the movable anode. 


(a) 


_ Fig. 2. Action potential waves due to stimulus applied through electrodes ('A. (a) Increasing 


stimulus produces increasing « waves and finally a 8 hump. (b) The effect of removing the 
most excitable fibres by making them refractory through an anticipatory shock. Increasing 
shock removes first the « and then the 8 waves leaving y. The horizontal line in (a) represents 
1 msec. 


_ It will be seen that further increase in shock strength removes the 8 wave 
_ and leaves a later wave, y, which previously was largely obscured by the 
 diphasic artifact. 
In this manner therefore it is rather easy to isolate «, 8 or y waves for 
threshold measurements. For instance, a shock strength is used which abolishes 
_ the entire « wave, and then the relation is found between interpolar distance CA 
_ and the current required to give a 8 wave of some fixed size. 
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METHOD 


Nerve preparation 
In the main the technique was the same as that of Rashbass & Rushton (19490), the chief difference 
being in the method of removing the epineurium in which we have learnt from the skill of Dr 
Stampfli. In brief, extremely fine scissors were used to cut through the epineurium little by little 
on the anterior and posterior aspects of the sciatic so that the peroneal branch could be gently 
separated from the tibial and other branches until finally the cords of the sciatic plexus were 
reached, leaving the peroneal fibres as a separated half-nerve trunk covered by a half sheath which 
could be simply picked off: The stripped nerve was set in a cylinder of agar-Ringer jelly rather less 
than 1 mm. in diameter. This secured uniformity of current density along the nerve (see Rashbass 
& Rushton, 1949a, Fig. 2). 2 
Electrical arrangement 

Fig. 1 shows the dimensions in mm, The threshold stimulus was a rectangular current pulse 
delivered from a servo stimulator (Rushton, 1949) whose output was nearly independent of 
resistance. A correction of a few per cent was required at the greatest interpolar lengths, and this 
has been applied to the figures quoted in this paper. 

The duration of the current was found by superposing the oscillogram of the rectangular wave on 
to a time-scale of milliseconds subdivided into tenths delivered by a crystal oscillator. . 


transformer; the secondary circuit is shown in Fig. 1. 


Other erangementa are the same asin Rashbese & Rushton (10490). 


RESULTS 


The space constant for «, B and y fibres - 
Fig. 3 shows a typical set of curves plotting «, 8 and y excitability as a function 
of interpolar length. In this case the duration of stimulus was 0-5 msec., and 
the index of excitability a half maximum response. The « threshold was found 
without using the anticipatory shock S, simply by increasing the stimulus until 
the action potential was half maximum. The f threshold was obtained similarly 
after the « fibres had all been rendered refractory by a carefully graded antici- 
patory shock. The threshold stimulus was now increased until the 8 wave—the 
only wave now resulting—attained half its maximum. The y thresholds were 
similarly found, but in this case the anticipatory shock was made strong enough 
to abolish B as well as «. 
The curves drawn through the points are theoretical curves of the form 
y=1—exp(—z/A), (1) 
where A, the space constant, is chosen to give the best fit. This was done simply 
by eye as follows. After the points had been plotted to the scale mentioned, 
a transparent paper was placed above. Upon this was plotted a family of 
curves according to equation (1) where A was given various values. It was easy 
to see which member of the family gave the best fit and hence which value of 
A applied. 
In Fig. 3 the values of A are for « 2-2 mm., for 8 1-7 mm., and for y 1:3 mm. 
This value for B is almost always obtained; the « value varies between 2°1 and 
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2-4mm. fromnerve to nerve. Sometimes the points did not lie on the exponential 
curve as closely as this, though often they did. Imperfections in stripping as 
well as the distribution in position of the nodes of Ranvier could account for 
the deviations observed, and since these never approached.a magnitude to 
mask the clear distinction between «, 8 and y curves, we need not here consider — 


mm, 
Fig. 3. Excitability plotted against interpolar length. Criterion for excitability: circles, half 
maximal « wave; dots, half maximum §; triangles, half maximal y. All curves scaled to unity 
at large interpolar lengths. Exponential curves have been drawn through the pointe. 


The distribution of X among the « fibres | 
A special feature of Erlanger & Gasser’s analysis of fibre types lay in the 
demonstration that the modalities studied did not vary uniformly, but changed 
rather suddenly to the values characteristic of the next group. It therefore 
becomes of interest to know concerning the value of A, which we have seen is 
distinctly shorter for an average f fibre than for an average « fibre, whether it 
gradually diminishes for fibres with higher threshold, or whether it suddenly 
Jumps to a shorter value at some point in the threshold scale, and if so whether 
this jump corresponds to the jump in conduction velocity upon which the 
a, grouping rests. | 
One way of doing this is to obtain the excitability-length curves for Ci 
excitation like that shown in Fig. 3, but instead of using just } maximum action 
potential wave as index, to use various fractions of maximal. A nearly maximal 
wave is a very insensitive index and so we have used nothing larger t 
maximal. 
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Fig. 4 shows the result of a typical experiment where the results of using 
4, 3, 4, } maximal are all plotted together in the same way as in Fig. 3. The 
vertical lines mark the extreme limits within which all four measurements lie. 
Within these limits the scatter appears to be random. It is clear that in 
contrast to the former case there is no shortening of A going hand-in-hand with 
a rise of threshold. So long as we are concerned only with « fibres there appears 
to be no change in A at all. | 


0 5 10. 


Fig. 4. Excitability plotted against interpolar length for « fibres. ee a 


determinations where the criterion for excitability was }, }, $, } maximum « wave. All four 
determinations lay within the limits of the vertical lines shown. 3 


| The anticipatory shock applied to a fibres 

Though the evidence presented seems to point unequivocally to the con- 
clusion that all the « fibres have one value for A and the f fibres have quite a 
different value, there is one aspect of the case which left us a little uncom- 
fortable. The change in the measured value of A was associated with an important 
change in the measuring technique, namely the introduction of an anticipatory 
shock. Though it did not seem likely that this could affect the A which was 
measured later in different fibres through different electrodes, it would be 
satisfactory to set at rest this potential doubt. It may be done simply. 

Suppose we repeat the experiment of Fig. 3 but modified in this way. The 
a curve is determined as before but using } maximal action potential as index. 
A second curve is now determined by increasing the stimulus to give a ? 
maximal response and then reducing this to half its size by suitably turning up 
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"the anticipatory shock. Only « fibres are involved in this experiment. If the 


argument of this paper is sound the two curves represent stimulation at } and 2 
maximal respectively, and from Fig. 4 these should coincide. If the introduction 
of an anticipatory shock in some way affects the A determination, the divergence 
of the two curves will reveal the magnitude of the interaction. 

The results are shown in Fig. 5 where the two curves are seen to be approxi- 


| mately coincident. It seems safe to conclude, therefore, that the sudden change 
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Fig. 5. Excitability plotted against interpolar length for « fibres. Circles: } max. a wave as criterion 
for excitability. Dots: $ max. reduced to } by suitable anticipatory shock. : 


in \ in passing from « to f fibres is not due to a change in the method of measure-- 
ment; for it still occurs when the method is not changed, as appears on com- 
paring the 8 and y curves of Fig. 3 with the black circles of Fig. 5. The sudden 
shortening of A, like the sudden decrease in conduction velocity, 1 is due to an 
alteration in the size of fibre involved. 


The effect of stimulus duration 

Long ago, Cardot & Laugier (1914) showed that nerve chronaxie increased 
with interpolar length. It follows at once that A must increase with stimulus 
duration. We have made no attempt to work out this dependence which would 
in effect be merely a restatement of Cardot & Laugier’s results, but since A 
changes with duration it seemed desirable to see how far the results of this paper 
depended upon the particular duration of stimulus used, which was 0-5 msec. 
in the experiments so far quoted. 


5 4 
‘ 
4 
4 
A 
| 
a, 
a 
| 
| 
} 
4 


— 406 J. J. LUSSIER AND W. A. H. RUSHTON 


For durations greater than this, the values of A were unchanged. Though an 
increase in duration still produced a fall in the intensity of current necessary 
to excite, this occurred in the same proportion at all interpolar lengths so that ) 
remained unchanged at the values which have already been stated, ~ a 2-2, 
for B 1:7, for y 1-3 mm. | 
_ For shorter durations of stimuli d diminished, and the ehierve figures must be 
considered maximum values. We made no attempt to see if there was lower 
limit, since if so the duration and strength would be outside the _ where 
our equipment could be satisfactorily employed. 


TaBLE | 
Relative values 
Fibre 
A with stimulus duration _ Infinity 100. 77 62 
chronaxie 100 75 — 
Conduction velocity — 100 76 64 


It did seem worth while, however, to see whether the space constant diminished 
with decreasing stimulus duration similarly in « and in f fibres. First we found 
the chronaxies, which were 0-3 msec. for « and 0-25 msec. for 8 (confirming 
Blair & Erlanger, 1933, that the slower-conducting fibres had the shorter 
chronaxie). Then we determined the value of the space constant using as 
stimulus-duration $ the chronaxie in each case, since stimulus-durations for 
different tissues are likely to be comparable when they are the same fraction of 
the chronaxie. It was found that with « the space constant was reduced from 
2:2 to 1-7 mm. and with B from 1-7 to 1:3 mm. In both cases A is reduced in the 
same proportion as is shown in Table 1, were A is expressed as a percentage of 
the « value at comparable stimulus duration. It thus appears that the ratio of 
the space constants for « and f are not significantly altered by a comparable 
shortening in stimulus duration over the range investigated. We did not repeat 
the work using the y fibres. 


Conduction velocity 

The conduction velocities of the «, 8 and y fibres were measured in the 
unstripped nerve by an arrangement very similar to that shown in Fig. 1. The 
stimulus was a square wave of 0-3 msec. duration applied through alternative 
pairs of electrodes which were tantamount to shifting CA (Fig. 1) either 
to the right or to the left. The conduction distances CB were 15 and 50 mm. 
respectively. The shock § was timed so that its impulse reached the first pair 
of stimulating electrodes CA just as the square wave was sent in. In this 
way the fibres which had been excited by the shock were refractory to the 
square wave no matter which alternative electrode pair was used. Thus records 
containing either « or B ory alone could be obtained after conduction distances 
of either 15 or 50 mm., and for each type of fibre the two records were photo- 
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graphed superposed so that the latency difference corresponding to 35 mm. of 
conduction could be readily measured. 


The average results are given in a fable 1 expressed as percentages of the 
conduction velocity. 
Tt is seen that not only does the space constant assume a new value as we 
shift from one fibre group to another, but the new value of A is in each case 
directly proportional to the conduction velocity of the new fibre group. 


DISCUSSION 
Nodes 


_ The work of Kato (1936), Tasaki (1939), and others, has made it clear that 
excitation takes place at the nodes of Ranvier; and it is highly probable that 
the density of current crossing the nerve sheath is very much higher there than 
_ elsewhere. In view of this, objection might be taken to the way that the observa- 
. tions of this paper have been fitted by exponential curves, since these are 
derived from the simple (unsegmented) cable theory. 
We have, however, examined the theory of nodal leakiness, and deduced that 


the results of this paper ought to fit the exponential curve about as closely as 
they do. 


Consider an « curve of this paper. Mark the points on the curve corresponding 
to interpolar distances of 0, 2, 4, 6, ..., mm., and now join these points by 
straight lines forming chords to the curve. The new curve formed by the straight 
segments corresponds to the extremest deviation from the smooth exponential 
that the nodal theory can predict. It is when the myelin is a perfect insulator 
and when all the fibres recorded have a node situated exactly under the cathode 
(and all have an internodal length of 2 mm., as is likely). Even in this case, it 
would not be easy to distinguish surely between arc and chord. But the results 
of the present paper should lie much closer to the exponential. For they involve 
the activity of a large number of fibres whose nodes are scattered at various 
distances from the fixed cathode. So the transition from one chord to another 
occurs at different points for different fibres and the summed contribution 
differs but slightly from the smooth exponential curve. 

This paper is not concerned with differences depending upon the exact locus 
of the node relative to the electrodes, nor is the technique suitable to study 
_ this; it is concerned with differences depending upon conduction velocity and 
these are well enough displayed by drawing through the points the exponential 
curve to which the actual curve is so close an approximation. 


Electrotonic spread 


The physical measurement of the spread of electricity into the st tials 
region of nerve has long been recognized as an important means of obtaining 
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information as to the electrical structure of the nerve. The RRR how- 
ever, is not at all easy to analyse. 
Unless the epineurium is stripped from the nerve, the cules potential is 
so largely due to the polarization of this sheath that the contribution of the 
nerve fibres is hard to assess (Rashbass & Rushton, 19495). In the stripped 
nerve, as this paper has shown, the «, 8 and y fibres have different space 
constants, so that each of these groups will contribute to the electrotonus a 
proportion which will depend upon the position both of the polarizing and of the 
recording electrodes. It is of course impossible to polarize one group without 
polarizing all the others, and it is a formidable task to extract the contribution 
of any one group from the mixed record. In contrast to this, it is easy to 
isolate the groups by studying excitability curves instead of electrotonus, and 
that is why this method was used in the present paper and in that of 
Rashbass & Rushton (19496). 
Fibre size 

There is general agreement that the largest fibres conduct fastest, but some 
(Blair & Erlanger, 1933; Zotterman, 1937) suppose the velocity proportional to 
the square of the diameter, and some (Hursh, 1939; Gasser & Grundfest, 1939) 
to the first power. Hursh made the direct comparison by measuring the velocity 
_ of the fastest impulse and the diameter of the largest fibre in various mammalian 
nerves and found the relation linear. The contrary view is held upon evidence 
of a slightly more indirect kind. 
We do not wish to embark here upon any critical study of the evidence but 
merely to point out that as far as they go our results fall into line more with the 

linear than the square relation. 
It has been well established that in a nerve trunk the internodal Sagth i is 
proportional to the fibre diameter (Takahashi, 1908; Zotterman, 1937; Hursh, 
1939), and also that the internal and external diameters of the myelin keep 
nearly in the same ratio (Gasser & Grundfest, 1939). So the fibres appear to 
remain more or less geometrically similar and might be expected to have their 
space constants also proportional to fibre diameter or internodal length. If this 
be granted then our results which show that A is proportional to the conduction 
_ velocity must signify that the velocity is also proportional to fibre diameter. 
This conclusion may be presented in a much stronger form by deriving all 


however, must be the subject of a separate paper. 


these relations as consequences of a rather general theory of fibre size. This, © | 
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SUMMARY 
1. The space constant, A, of fibres of the sciatic nerve stripped of epineurium 


was measured by plotting excitability (= 1/threshold) against interpolar length. 


2. The excitability of (or y) fibres was found by applying an anticipatory 


_ shock which caused « (and §) fibres to be refractory and hence unresponsive. 


8. Using a stimulus of 0:5 msec, or longer duration the following values of 
the space constant were found: for « 2-2, for B 1-7, for y 1-3 mm. 

4, All the fibres of the « group, whether high or low threshold, had the same 
value of A. The space constant only jumped to a new value when the con- 
duction velocity of the fibre jumped to a new value. 

5. As between one fibre and another of the A group A is directly proportional 
to conduction velocity. 

6. When the stimulus used has a very short duration the value of A is 
diminished comparably for all fibres. 

7. The presence of fibre groups with such different space constants must 
greatly complicate the analysis of electrotonic spread. ue 
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HEREDITARY ABSENCE OF OTOLITHS IN — 
HOUSE MOUSE 


By MARY F. LYON* 
From the Institute of Animal Genetics, Edinburgh 
(Received 5 February 1951) 


The recessive gene pallid (symbol pa) in the mouse (Mus musculus L.) produces 
pink eyes and a pale coat colour but is genetically distinct from the well-known 
pink-eyed dilution of mice bred as pets (Roberts, 1931). In addition, the author 
has observed abnormalities in the behaviour of pallid mice, affecting the 
postural reflexes, and has investigated the inheritance and anatomical basis of 
these defects. The anatomical basis proved to be absence of otoliths from the 
utriculus and usually also the sacculus of one or both ears. In inheritance the 
behavioural abnormalities could not be separated from the pallid gene and must 
be assumed to be caused by it; they were, however, varied in type and some 
pallid mice appeared completely normal. Correlation of the various types of 
behaviour with the anatomical changes proved of considerable physiological 
interest, and the present paper therefore gives a description of these abnorma- 
lities in behaviour and of their correlation with the changes in the inner ear. 


MATERIAL AND METHODS 

The mice used were taken from a closed stock which had been derived from one pair two to three 
generations previously. Where possible each pallid mouse was compared with a non-pallid control 
from the same litter, but some animals were the offspring of pairs homozygous for the pallid gene 
and were therefore not accompanied by a control. The behaviour of several hundred young mice 
. Was observed as part of a study of the inheritance and the animals whose anatomy was studied 
were a sample of these, thirteen controls and fifty pallids, which were killed after the usual 
examination of their behaviour. 


Histological methods 
The preliminary observations were made on animals of various ages, but thereafter mice we 
killed in the fourth week of life. They were then fixed by injection of Bouin’s fluid into the aorta, 
@ portion of the skull bearing the labyrinth was excised, further fixed in Bouin’s fluid, decalcified 
in 2% nitric acid in 70% aleohol and embedded by Peterfi’s methyl benzoate method of double 
embedding, using a 2% celloidin solution (Carleton & Leach, 1938). They were then sectioned at 
104. and stained with Delafield’s haematoxylin and eosin or orange G. Peterfi’s double embedding 
method seemed the most suitable for this investigation. It gives much better support for the 
tissues than paraffin wax alone and, while possibly inferior to celloidin embedding for old mice, 
has the decided advantages that it gives serial sections and requires only an ordinary rotary or 
rocking microtome. 

* Member of the Medical Research Council’s scientific staff. 
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RESULTS 
Behaviour 


_ The abnormalities covered three aspects of the postural reflexes of the mouse: 
posture, response to position change, and response to linear acceleration. 


In the mouse these postural reflexes develop post-natally and it was thus 


_ possible to compare the development of behaviour in pallid and non-pallid 


litter-mates and determine the stage at which the pallids first became abnormal. 
Since the investigation was intended primarily to elucidate the inheritance of 
the defects a large number of animals had to be examined. For this reason the 
methods chosen for observation of the behaviour were selected for their speed 
and for the reliability with which animals could be classified as behaving 


‘normally or abnormally. 


Response to position change 

The head downwards position was used to test the response to position 
change, the mouse simply being held up by the tail. The response of the normal 
young mouse to this is a stereotyped one which develops and increases in 
strength from the age of 2 days. The spine is flexed dorsally, the head is raised 
and the forelimbs are protracted and extended (PI. 2, fig. 4). Some pallid mice 
never developed this response but, from the same age, flexed the spine and 
neck ventrally and retracted the limbs (PI. 2, fig. 5). These mice also showed 
a clumsier gait than normal animals of the same age, were somewhat less active, 
and had an abnormal posture; the head was held with the snout pointing down- 
wards and the hindlimbs were retracted and abducted. In the third week of 
life the normal response changes in character, becoming less exaggerated. The 


- abnormal response changed little in the third week but in the fourth week it 


too became less exaggerated so that in the adult the difference, though still 
present, was very slight. Similarly, the posture and gait were almost normal 
after 4 weeks, though some animals passed through a transitory phase, in the _ 

fifth or sixth week, in which the posture was the antithesis of that in the ~ 
younger mice of this type. The snout was raised, as in sniffing, and when the 


animal attempted to run it frequently sprang vertically instead of moving 


forwards. 


_ Response to linear acceleration 


A downward acceleration was used to test the response to linear acceleration, 


_ the mouse being held by the tail and the supporting hand then suddenly 
_ lowered. Once more the reason for this choice was that a normal mouse gives 
_ & stereotyped response, which develops in the third week of life and consists 
in a protraction and extension of the forelimbs. Mice which responded 


abnormally to position change failed to develop this reaction, and it was also 
PH. OXIV. 27 
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lacking in some mice with the asymmetrical posture described below and rarely 
in those which showed no other sign of abnormality. | 


Posture 


The posture of pallid mice with an abnormal response to position has already 
been described. Some other young pallids showed an asymmetrical posture. 
This was sometimes visible at an age of a few days but could not be classified 
with certainty until the third week. Mice of this age held the head and fore- 
part of the body tilted constantly to one side, whether resting or walking 
(Pl. 3, fig. 11). The tilt might be in either direction but the direction was 
constant for a given animal; the angle varied considerably from almost 0° to 
about 30°. The forelimb of the up-tilted side tended to be abducted but the 


hindlimbs seemed symmetrically disposed. Lateral bending of the body, rolling’ 


and circling movements did not occur and the animals walked in a straight line. 
These symptoms were at their peak in the third and fourth weeks of life. After 
4 weeks the asymmetrical posture was frequently lost and a response to 
acceleration developed, so that the animals appeared completely normal. 

A sample of 3-week-old pallid mice was tested for the ability to swim. Head- 
tilting mice, when placed on the surface of water, swam in a straight line in 
a posture similar to that on land, but when submerged sometimes failed to 
right themselves sufficiently to get the nose clear of the water. Spiral move- 
ments did not occur. Mice which failed to respond to position change were 
unable to maintain the normal belly-down posture in water and eventually 
turned over and became submerged, when they swam in any plane, sometimes 
in circles. 


A slight head tremor was sometimes shown by adult pallids of the type which 


failed to respond to position change, but the author was unable to confirm the 
observations of Keeler (1947) who stated that pallid mice showed ‘head- 
weaving’ which he thought to be due to nystagmus. 

Since the disorders affected the postural reflexes and apparently no other 
aspect of the behaviour, an anatomical defect of the labyrinth was suspected 


as the cause, and accordingly a histological examination of the labyrinth was 
made. | 


| Histological findings 

The significant defect found in all the abnormal animals was absence of 
otoliths. The abnormal maculae were normal in size and shape and normally 
innervated but the otoliths were completely lacking. The cells of the neuro- 
epithelium appeared normal and the otolithic membrane could be observed 
lying on the tips of the sensory hairs but it bore no granules (PI. 1). 

The expression of the defect was variable. Otoliths might be lacking in both 
sacculus and utriculus, in the utriculus only, or in neither, but no ear has yet 
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been found in which the utriculus was normal and the sacculus defective. 
Moreover, the two ears of the same animal might be symmetrical or asym- 
metrical. In some cases a reduced number of otolithic granules were present 
but it was more usual for them to be either normal or absent. 

In the stained sections a further defect was present. The ampullae, utriculus 
and, to a lesser extent, the sacculus of ears which lacked otoliths were collapsed 
as though fluid had escaped by osmosis, while those of ears with otoliths present 
appeared normal. Since there was no sign of histological degeneration and 
since the behaviour did not suggest ampulla defects in life it was suspected that 
this collapse might be an artefact. Accordingly ears of twenty freshly killed 
mice were dissected under the binocular microscope, and the observations 


_ shown in Table 1 were made on the superior ampulla and utriculus. 


TaBLe 1. The state of turgor of the superior ampulla and utriculus of freshly killed mice 


Damaged 
No. of Somewhat during 
Type of ear ears Collapsed dented Normal dissection 
Control 4 ; 1 3 
Otoli hs 18 | 5 10 3 
iths present 
Otoliths absent 16 9 2 
Otolith in sacculus only 2 l 


In no ears were the ampulla and utriculus completely collapsed, as in the — 
sections, and those ears described as ‘somewhat dented’ occurred with equal 
frequency in all types of ear, the dents being probably the result of slight 
damage during dissection. From this it was concluded that the collapse seen 


in the sections was indeed an artefact. Possibly the difference between ears 


with and without otoliths in this respect was due to the fact that when otoliths 
were present decalcification occurred in both the endolymphatic and peri- 
lymphatic spaces, and when otoliths were lacking it occurred in the peri- 


{ lymphatic space only. 


No other defect was found sister i in the vestibular apparatus or the.cochlea 
of pallids and the control animals showed no variations. An attempt was 
therefore made to correlate the type of otolith defect with the various types 
of behaviour defect. 


Correlation of anatomical changes with behaviour 


Table 2 presents in tabular form the correlation between the anatomical 
changes and the type of behaviour defect and the following information can 
be obtained from it. 


Response to position change 4 
All those animals which lacked all otoliths failed to respond to position 
change (Pl. 2, figs. 6, 7) and all those in which some otoliths were present 
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responded normally, including five in which the only otoliths present. were those 
in the sacculus of one ear (PI: 2, figs. 8, 9). 


Tasue 2. The type of otolith defect of pallid mice with various behaviour defects 
(+ =normal; left =left side uppermost.) 


Behaviour Otoliths 
Response Response Left ear “Right ear 
to to 

position Tilt acceleration No. Sac. Utr. Sac. Utr. No. 

- None - 8 - - - - 8 

+ Left - 10 - - + -_ 2 

- - + + 8 

+ Left + a - - + + 3 

+ Right - 6 + - - - I 

+ ~ 5 

+ Right + 6 + - - - 1 

+ + ~ 5 

+ None - 6 + - - - 1 

+ + ~ - 3 

+ + + + 2 

None + 10 ~ + | 

: : + + + + 9 


Posture 

All animals with asymmetrical posture showed asymmetry of otolith defect, 
the head being tilted with the more affected side uppermost (Pl. 3). In four 
animals the asymmetry involved the sacculus only, in one the utriculus only 
and in twenty-one both sacculus and utriculus, and in each case this rule 
concerning the direction of tilt held good. As far as could be judged from this 
small number of animals, the angle of tilt was no greater when the asymmetry 
involved both sacculus and utriculus. Indeed, in four of the five animals in 


which there was no tilt although the ears were asymmetrical this asymmetry 
involved both maculae. 


Response to linear acceleration 


It has been mentioned that response to linear acceleration was absent in 
animals which responded abnormally to position change, that is, those which 
lacked all otoliths, and in some of those with asymmetrical posture. Among 
the animals with left tilts there is a suggestion that those animals with normal 
response to acceleration had more normal maculae. However, the small number 
of animals makes this difference entirely without significance, and since the 
animals with right tilts showed no such difference there must be considered to 
be no evidence for-a correlation between the number of normal maculae and 
response to acceleration. 

The correlation of anatomical changes with behaviour is thus not complete. 
The variation in angle of tilt and the presence or absence of response to linear 
acceleration among asymmetrical mice remain without explanation, together 
with the disappearance of tilt with increasing age, since the anatomical picture 
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[> didnot change with age. The positive results, however, concerning the response 


_ to position change and the asymmetrical posture seem sufficiently good to justify 
the conclusion that absence of otoliths was indeed the cause of the abnormal 


behaviour and that no other defect need be sought. Table 3 gives a summary 
_ of these positive results. 


TABLE 3. The type of behaviour defect produced by various patterns of otolith defect, 


neglecting response to acceleration 
(+ =normal; =absent; N.B. left =left side uppermost.) 
Otoliths Behaviour 
Right ear Response 
Sac. Utr. Sac.  Utr. position Tilt No. 
+ None 1 
+ Left 2 
" Right 10 
+ + + None 
+ Left 11 
+ + + + None 11 
DISCUSSION 


The question now arises what picture can be formed of the physiology of 
these abnormal ears and what light this throws on the physiology of the normal 
labyrinth. 

Experimental work on the labyrinth has suggested that the utriculus is 
concerned with the maintenance of muscle tone and with responses to tilting, 
unusual position and linear acceleration (Tait & McNally, 1934). The sacculus, 
from its structure, would be expected to have a function similar to that of the 
utriculus and the earlier workers considered that this was so. Versteegh (1927), 
however, failed to find any effect on the posture or reflexes after destruction 
of the sacculus in the rabbit. Similar negative results were obtained in a number 
of vertebrate animals (Lowenstein, 1936) and in the frog and elasmobranchs 
the sacculus appears to be sensitive to vibration (Ashcroft & Hallpike, 1934; 
Lowenstein & Roberts, 1948). In pallid mice, however, the sacculus has a 
_ definite effect on the response to position change. All animals which lacked all — 
_ otoliths failed to respond, but the presence of the otolith in the sacculus of one 
ear resulted in a normal response. These animals with an otolith in one sacculus 

- possessed an asymmetrical resting posture, showing that the sacculus also 
affects posture in these mice. This seems to prove that, contrary to supposition 
following the work of Versteegh, the sacculus have an fanction 


the mammal. 
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De Kleijn & Magnus (1921) attributed special groups of reflexes to the two 


otoliths (utriculus and sacculus). Pallid mice, however, provide no evidence — 


for this division of function, since the head was tilted in the same way whether 
the otolith asymmetry involved the sacculus, the utriculus, or both. — 

It has been pointed out that in mice with asymmetry the direction of tilt 
was such that the more affected side was held uppermost. This direction is 
opposite to that of the tilt resulting from unilateral ablation or denervation 
of the utriculus which produces loss of tone on the operated side. Denervation 
and lack of otoliths must therefore produce different effects on the macula. 
In an attempt to formulate some hypothesis as to the way in which a macula 
without otolith differs from normal one may first. consider the behaviour of 
a normal macula. Adrian (1943), recording impulses from the vestibular 
nucleus of the cat, found that receptors reacting to slow tilts showed a resting 
discharge. This has also been recorded from the cristae and maculae of the 
elasmobranch labyrinth and seems to be characteristic of labyrinthine sense 
endings (Lowenstein & Sand, 1940; Lowenstein & Roberts, 1950). After 
denervation of a macula this discharge cannot reach the central nervous 
system but it is likely that maculae without otoliths do contribute to the 
stream of afferent vestibular impulses. A similar conclusion was reached by 
Magnus & de Kleijn (1922) concerning maculae from which the otoliths had 
been removed by centrifuging. 

The next question concerns the frequency of the impulses emitted. Mice 
which lack all otoliths show a reduced tonus in the neck muscles, and this 
seems to indicate that their maculae are emitting fewer impulses than normal. 
In the unilaterally affected mice one may assume the asymmetrical posture 
to be due to an attempted equalization of the impulses from the two sides. 
If the maculae without otoliths are emitting fewer impulses than normal this 
assumption leads to the conclusion that the lowering of the normal labyrinth 
results in a decrease in its discharge activity. This represents a direct contra- 
diction of the classical interpretation of the effects of unilateral labyrinth- 
ectomy and also of Adrian’s (1943) electrophysiological results on the cat. It 
is interesting in this connexion that Lowenstein & Roberts (1950), recording 
from the utricular macula of the elasmobranch labyrinth, found that lowering 
of the labyrinth produced, if anything, a decreased discharge activity. In dis- 
cussing their results they pointed out this very discrepancy from the findings 
of classical labyrinth physiology and left its interpretation an open question. 

The other alternative, that lack of otoliths leads to a permanently increased 
activity of the macula, would satisfy the findings of classical labyrinth 
physiology but appears to conflict with the observation of a decreased neck 
muscle tone in pallid mice lacking all otoliths. Thus neither alternative fits 
all the observed facts and this question of the frequency of — emitted by 
a macula lacking otoliths must remain unanswered. 
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- This mutant illustrates with more than usual clarity the value of the study 
of inherited abnormialities in laboratory animals. Griineberg (1947) emphasized 
the importance of such studies in the investigation of hereditary diseases in 
man. The pallid gene provides a good example of that rarer but more important 
type of defect which can give information concerning normal physiology, since 
_ it has led to the conclusion that the sacculus has an equilibratory function i in 
the mammal. 


SUMMARY 


1. Some mice baoiiadiry cies for the gene pallid showed defects in the postural 
reflexes. 

2. Some of these mice failed to respond to change of position and linear 
acceleration and others showed an asymmetrical posture with or without 
failure to respond to linear acceleration. 

3. The histological basis of these defects was unilateral or bilateral absence 
of otoliths from the maculae of the utriculus and usually also the sacculus. 

4. The conclusion that, contrary to recent opinion, the sacculus does have 
an equilibratory function in the mammal was derived from the fact that mice 
with otoliths in the sacculus of one ear differed from those which lacked all 
otoliths, in both the response to position change and the posture. 
5, Asymmetrical animals tilted the head with the more affected side upper- 

most. This led to the conclusion that maculae without otoliths emit a resting 
discharge but the question of the sis cae of this discharge was left 
unanswered, 


The author is grateful to Dr T. C. Carter and Dr D. 8. Falconer for interest and criticism. Thanks 
are also due to Dr M. Lotyssewski for photographing the live mice and to Dr 0. Léwenstein for 


criticizing 4 manuscript. 
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EXPLANATION OF PLATES 1-3 


PiaTE 
Sections of the utricular macula, x 230. H =sensory hairs, M =otolithic membrane, N =neuro- 
epithelium, O =otolith, U =utricular nerve. 
Fig. 1. of Sand 8. 
Fig. 2. Macula from the left ear of a pallid mouse, Otoliths lacking. 
Fig. 3. Macula from the right ear of the same mouse as in fig. 2. Otoliths normal. 
PLATE 2 
Figs. 4, 5. The response to head downwards position of 6-day-old litter-mates, a normal mouse 
(fig. 4) and a pallid mouse showing the abnormal response (fig. 5). 
Figs. 6, 7. Sections of the left and right ears respectively of a pallid mouse which failed to respond 
to position change. All otoliths lacking. x70. S=sacculus, U =utriculus. 
Figs. 8, 9. Sections of the left and right ears respectively of a mouse with normal response to 
position and a head-tilt with the right side up. Otoliths present in the sacculus of the left 
ear only. x70. : 


PLATE 3 

Figs. 10, 11. Two 23-day-old pallid litter-mates, one with a normal posture and one with a left 
side up-tilt. 

Figs. 12, 13. Sections of the left and right ears respectively of the mouse shown in fig. 10. All 
otoliths present. x 70, 

Figs. 14, 15. Sections of the left and right ears respectively of the mouse shown in fig. 11. Otoliths 
lacking from the left ear. x'70. 
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THE MEASUREMENT OF INTESTINAL BLOOD 
FLOW IN MAN 


By J. GRAYSON 
From the Department of Physiology, University of Bristol 
(Received 18 November 1950) 


Journal of Phystology. VotumE 114, No. 4 
ERRATUM 
In Harris, E. J. & Maizels, M. ‘ Erythrocyte permeability to sodium ’, Vol. 
No. 4, p. 524, first sentence of § 3, read: ‘below this range both 
decreased, especially 


bowel surface in the presence of mucous secretion. The author of the present 
paper, however, during the past 3 years has successfully applied temperature 
measurements in colostomy tissue to the investigation of intestinal blood 
flow in man, and has obtained continuous records of blood flow changes under 
a variety of conditions (Grayson, 1949). There are serious limitations, however, 
in all methods which utilize colostomies, as will be discussed. A method has 
consequently been developed, applicable to normal healthy subjects, whereby 
blood flow changes in the human rectum can be recorded (Grayson, 1951). 
It is the purpose of the present paper to examine critically both methods of 
investigating intestinal blood flow reactions. : 


METHODS 
The technique of measuring colostomy temperature has already been described in full (Grayson, 
1949). Briefly, fine-gauge needle thermocouples were inserted into the mucosal or muscle coat of 
the exposed tissue of the colostomy, and, where possible, skin temperature and rectal temperature 
were also measured. Moving coil galvanometers, lamps and scales were used, and, in the recent 
experiments, a manually operated mechanical device writing directly on a kymograph (Schmidt & 

Pierson, 1934) was employed. 
PH. CXIV. 28 
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THE MEASUREMENT OF INTESTINAL BLOOD 
FLOW IN MAN 


By J. GRAYSON 
From the Department of Physiology, University of Bristol 
(Received 18 November 1950) — 


: The measurement of intestinal blood flow in man is difficult. Most recent 
_ work utilizes indirect methods (Bradley, Inglefinger, Bradley & Curry, 1945), 


but attempts have also been made to observe blood flow change directly in 
the human bowel. Wolf & Wolff (1943), for example, observed colour changes 
in the exposed intestinal tissue of gastrostomies and colostomies in children. 


Friedman & Snape (1946) and Shoskes (1948) also used colour changes in the 


exposed tissues of colostomies, mainly in the investigation of the local actions 
of drugs. In normal human subjects White, Cobb & Jones (1939) observed 


_ the colour of the colonic mucosa in intact human subjects using the sigmoido- 


scope, whereas Almy & Tulin (1947) used the proctoscope in a similar manner. 
These direct observations, however, were all limited by the use of colour as 
the sole criterion of blood flow. Shoskes, indeed, measured the surface tem- 


_ perature of the colostomy, but found the results unsatisfactory, owing to the 


difficulty of preserving accurate contact between the thermocouple and the 
bowel surface in the presence of mucous secretion. The author of the present 


paper, however, during the past 3 years has successfully applied temperature 
- Measurements in colostomy tissue to the investigation of intestinal blood 
flow in man, and has obtained continuous records of blood flow changes under 


a variety of conditions (Grayson, 1949). There are serious limitations, however, 
in all methods which utilize colostomies, as will be discussed. A method has 


. consequently been developed, applicable to normal healthy subjects, whereby 
blood flow changes in the human rectum can be recorded (Grayson, 1951). 
_ It is the purpose of the present paper to examine critically both methods of 
~ investigating intestinal blood flow reactions. 


METHODS 
The technique of measuring colostomy temperature has already been described in full (Grayson, 


, 1949). Briefly, fine-gauge needle thermocouples were inserted into the mucosal or muscle coat of 


the exposed tissue of the colostomy, and, where possible, skin temperature and rectal temperature 
were also measured. Moving coil galvanometers, lamps and scales were used, and, in the recent 
experiments, a manually operated mechanical device writing directly on a kymograph (Schmidt & 
Pierson, 1984) was employed. 
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The rectal blood flow recorder was developed from the heated thermocouple described by Gibbs 
(1933). In his instrument an iron-constantan thermocouple was heated by passage of a constant 
electrical current through an attached filament of constantan. With the thermocouple itself thus 
heated above blood temperature, it was demonstrated that, when embedded in animal tissues or 
inserted in a vein or artery, increases of blood flow cooled down the instrument, while decreases 
in blood flow permitted it to warm up further. The instrument used in the present work consisted 
of a small mass of copper, about 1 mm. in diameter, with a filament of constantan wire (35 s.w.g.) 
soldered to it. The filament was about 3 mm. long with leads of enamelled copper wire (34's.w.g.). 


Rectum 


Recording 
couple 


Heater 


Cold junctic 


External 
resistance 
Heating 


circuit < 


Fig. 1. Electrically heated thermocouples in the human rectum. I, cold junction in Dewar flask 
at constant temperature. II, cold junction in rectum—differential recording between heated 
and unheated rectal thermocouples. 


The heating current was derived from the 220 V. a.c. mains which was first fed through a ‘Variac’ 
variable transformer whose output could be varied by means of a graduated head and dial over 
the range 0-240 V. The oftput of the Variac was fed, in turn, through a second, fixed ratio, step- 
down transformer (input 220 V., output 6V.). By rotating the adjusting head of the Variac 
transformer the input of the step-down transformer could be varied from 0 to 240 V. An accurate 
and delicate control of the ultimate output voltages over the range 0-6 V. was thereby obtained. 
A milliammeter in the secondary circuit recorded the heating current, and, with the recorder in the 
rectum, a current was passed sufficient to raise the temperature of the copper to about 2° C. above 
that of the body (usually, about 0-5 amp. was required). The temperature of the copper itself was 
recorded by means of an attached copper-constantan thermocouple connected to a simple thermo- 
electric circuit of the type previously used in the measurement of colostomy temperatures (Fig. 1). 
In preliminary experiments the cold junction was enclosed in a Dewar flask filled with water at 


a temperature of 365°C. The absolute temperature of the recording couple was measured 
accurately to 0-05° C. 


In later experiments the electrical circuit was the same, but the cold junction was also included — 


within the rectum (the advantages of this procedure will be considered later). Where this method 
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was used the recording apparatus ‘was so adjusted that an increase in heated thermocouple 


temperature relative to the unheated thermocouple (such as will be shown to accompany a decrease 


in blood flow) produced a downward deflexion on the record. The results could thus be interpreted 
directly in terms of blood flow change. 

For convenience of insertion all thermocouples (which were painted with Bakelite enamel for 
purposes of insulation) were mounted in one length of polyethylene tubing of 1mm. internal 
diameter, The recording copper, with the attached thermocouple, was completely exposed at the end 


of the tube so that it might have unimpeded contact with the rectal mucosa. The ‘cold junction’ 


was mounted about 4 cm. proximally with the insulated metal of the junction exposed through a hole 
in the side of the tube. Another thermocouple was similarly mounted 2 cm. farther back still, for 
the recording of absolute rectal temperatures. * 

All leads were of the same length—2-5 m. from thermocouple to connecting box. The connexions 
between the constantan lead of the recording junction and that of the ‘cold junction’ were made 
through the connecting box used in the measurement of colostomy temperatures. With a Cambridge 


_. Scientific Instrument Company’s D’Arsonval galvanometer (internal resistance 50.), a scale 


distance of 5 m. and an external resistance of 100Q.., the sensitivity was 25 cm. scale deflexion for 
1° C. This was found to be suitable for use with the rectal blood flow recorder. 


RESULTS 
The significance of colostomy tissue temperatures 
Variation in the temperature of animal tissue has frequently been used as an 


index of blood flow change, for the temperature of tissue exposed to an environ- 
mental temperature lower than that of the afferent blood rises with increasing 


blood flow and falls with decreasing blood flow (Parmenter & Benedict, 1929). 


The author has shown that the intestinal tissue of a colostomy exposed to 
room air at about 20° C. cools usually to an equilibrium between 28 and 33° C., 
intermediate between room and blood temperature. Temperature changes in 
the colostomy might be expected therefore to occur with change in blood 
flow. 

The limitations of colostomy temperature as an index of vascular change 
must be considered from two points of view. First, what is the real significance 


” of temperature change in terms of blood flow? Secondly, what is the signifi- 


cance of any recorded blood flow change in terms of the intestinal vascular 
reactions of the normal intact subject ? 


Colostomy temperature and blood flow 


- Colour changes in the colostomy, used by other workers as an index of blood 
flow, have been shown by the author to be accompanied by alterations in 
colostomy temperature. Thus, infiltration of a colostomy with procaine 
hydrochloride (novocaine), which has been shown to relax vasomotor tone in 
the bowel (Grayson, 1950), produced a vivid flushing and a pronounced rise in 
temperature. Again, intravenous injection of adrenaline produced blanching 
and a fall in temperature (Grayson & Swan, 1950). Fainting produced an 
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even more dramatic pallor with a fall in colostomy temperature (Grayson & tel 
Swan, 1951). Assuming, therefore, that flushing denotes an increased bowel > th 
blood flow and the onset of pallor a decreased blood flow, it is evident that the 
concomitant temperature variations afford at least a crude index.of blood | 
flow change. The possible significance of small changes in temperature, 
however, is not revealed by comparison with the colour of the colostomy. 


The perfusion of the isolated colon 
In order to throw more light on the relation between blood flow in the 


bowel and temperature, perfusion experiments were performed on lengths of — 
descending colon removed post-mortem. The bowel was enclosed in a bath | 
containing saline maintained thermostatically at 20°C. The sigmoid artery if 
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Fig. 2. Perfusion of the isolated human colon through the sigmoid artery. A, the relation between 
_ tate of perfusion and temperature of colon (temperature of fluid constant, 36-5°C.). Black dots: 7 
experimentally obtained points; Interrupted line: theoretically derived curve (see Appendix). 

B, the relation between the temperature of the perfusion fluid (saline) and the temperature {_ 

of the colon. Rate of flow constant, 25 ml./min. 
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was cannulated and the colon perfused with physiological saline previously 
passed through thin glass stabilizing coils in a water-bath at 37° C. A thermo- 
couple in the cannula confirmed that, regardless of the perfusion rate, the 
temperature of the fluid flowing through the cannula remained constant. The [| 
results of a typical experiment are given in Fig. 2A. Similar findings were : 
obtained in all experiments. 

It was found that the relation between tissue temperature and the rate of : 
perfusion was not linear. At high initial rates of perfusion, small changes in % 
flow produced little change in temperature, whereas, at low initial rates of  [— 
perfusion, similar percentage changes in flow produced considerable change in : 
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temperature. More precise mathematical relationships will be considered in 


the Appendix. 


In other experiments the rate of perfusion was kept constant and the 
temperature of perfusion varied. The results of a typical experiment are given 


in Fig. 2B. The relation between temperature of the perfusion fluid and the 


recorded tissue temperature was practically linear. 
These experiments were carried out under highly artificial solidi. 


_ None the less, they emphasize limitations of the temperature method which 


have also been arrived at theoretically (see Appendix). It is clear that simple 
temperature records in the colostomy—and probably any organ of the body— 
cannot give a quantitative idea of blood flow change. The significance of 
a given temperature change in terms of blood flow might be quite different 
from subject to subject, and even in the same subject unless the changes 
under comparison are directionally similar and begin from the same initial 


The significance of colostomy blood flow changes 
As the colostomy is, of course, an unnatural preparation, the significance of 
results obtained, especially where it is of long standing, must be viewed with 
caution. It is necessary to consider the possibility of vascular or nervous 
anastomosis with the vessels in the neighbouring skin and the effects of the 
operation on the innervation of the blood vessels. 
It has been shown previously that heating the entire body produced vaso- 


constriction in the colostomy (Grayson, 1949), whereas cooling a limb produced 


vasodilatation in the colostomy (Grayson, 1950). In the present work, these 
two intestinal effects have been compared with the responses of the abdominal 
skin surrounding the colostomy and have been compared in recent and long- 
standing colostomies. 


Responses of the skin during and 

The temperature of the skin near the colostomy was measured in eight 
experiments where all the body, except the immediate neighbourhood of the 
colostomy, was covered with blankets and the lower limbs immersed in hot 
water, Little change occurred in the abdominal skin temperature which 
tended, however, to rise when the colostomy temperature fell (Fig. 3). 

Conversely, immersing a limb in cold water usually produced only slight 
change in abdominal skin temperature, a slight drop sometimes accompanying 
the rise in colostomy temperature. 


Influence of the age of the colostomy 


Body-warming and cooling experiments were carried out in one patient on 
whom the first stage of a two-stage colostomy had been performed the previous 


3 
J 
% 
a 
temperature 
Ke 
| 
om 


day. There was an intact loop of intestine about 8 in. long protruding through 
an abdominal incision with no visible continuity between the intestine and the 
edge of the wound; in so fresh a preparation there could be no question of 
vascular or nervous anastomosis with structures in the abdominal wall. The 
results of body warming were similar to those already given in Fig. 3, which 
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Fig. 3. Simultaneous recording from colostomy and skin of abdominal wall near the colostomy, 
showing vasoconstriction produced in the colon by body heating with no corresponding 
change in the skin. 
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Fig, 4. Temperature reactions in ileostomy in response to warming the body (same subject). 
A, four days after operation. B, twelve months after operation. 


were obtained using a subject on whom the operation had been performed 
8 months before the experiments. A further eight experiments were carried 
out on patients with colostomies performed not more than 3 days previously. 
In each case body warming produced typical vasoconstriction in the colostomy. 
In the experiments shown in Fig. 4 the intestinal vasoconstrictor effect of 
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body warming was first recorded 4 days after the operation and repeated 
12 months later. It will be seen that the nature of the response was not affected 
by the interval of time. 

Other factors which affect the circulation in the colostomy have also been 
compared in recent and long-standing colostomies. Intravenous injection of 
adrenaline, for example, has been shown to produce intestinal vasoconstriction 
(Grayson & Swan, 1950) in colostomies of 2 days’ and of 4 years’ standing. _ 
Again, locally infiltrated novocaine produced similar relaxation of vasomotor _ 
tone (Grayson, 1950) in both recent and old colostomies. 

In colostomies examined within a week of operation there was usually 
little healing of the wounds, and it was considered that no arterial or nervous 
anastomosis could have been present between the skin and the bowel. In all 
the experiments performed to date there is no evidence that the age of the 
colostomy affects the nature of the bowel responses or that nervous or vascular 


anastomoses with the neighbouring skin affect the colostomy circulation. — 


The effects of operative trauma 

Using colostomy patients alone it is hard to assess the effect of the operation 
on the nature of the responses. It might be expected that interference with 
the vascular innervation would lead to quantitative rather than qualitative 
effects, and, indeed, the only variations which have been observed between 
different cases have concerned the extent of the response. Furthermore, as 
will be detailed, the qualitative findings were strikingly similar to those 
occurring in the intact rectum or pelvic colon of healthy students. It has 
already been emphasized that tissue temperature cannot afford a quantitative 
assessment of blood flow change. It is therefore only possible to say that the 
operation does not appear to affect the nature of the responses. It is impossible 
to assess its effect on the extent of the responses. 


The measurement of blood flow change in the intact rectum 


In his investigation of the heated thermocouple, Gibbs made observations 
with the thermocouple embedded in animal tissues. He recommended the 
inclusion of the cold junction of the thermoelectric circuit in the tissue under 
observation, assuming that this procedure would automatically compensate 
for changes in blood temperature. He also investigated the in vitro behaviour 
of the heated thermocouple, perfusing rigid tubes in which the thermocouples 
were mounted. He found that the temperature of the heated thermocouple 


_ fell with increasing perfusion rates, but that the relation between blood flow 


and temperature was not linear. In the present work similar perfusion experi- 
ments have also been performed with a view to confirming the behaviour of 
the heated thermocouples in relation to changing blood flow and to determine 
the effect in vitro of changing perfusion temperature. | 
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Behaviour of heated thermocouples in in vitro perfusion 
Heated and unheated thermocouples were mounted in a thin-walled rubber 
tube enclosed in a Dewar flask containing water maintained at a temperature 
of 23-5° C, by means of a stabilizing spiral through which water circulated from | 


25:0 = 
28-0 
Unheated _ 
outside _ To volume 
stabilizing \ A flow recorder 
> 240-4. - 
: — 27-0 
ag 
U “We spiral 
Heated 
— 26-0 
T T 
0 20 40 60 80 100 120 


Rate of perfusion (ml./min.) 

Fig. 5. The behaviour of heated and unheated thermocouples in in vitro perfusion of a thin-walled 
rubber tube. Inset: Dewar flask containing water maintained at 23-5° C. by stabilizing spiral. 
The whole apparatus was immersed in a large bath containing water at 248°C. Temperature 
of perfusion fluid was 24-8° C. 


a temperature-controlled reservoir. The Dewar flask and all the connexions of 
the thin-walled rubber tube were enclosed within a large water-bath maintained 
at 248° C., slightly hotter than the temperature inside the Dewar flask. The 
perfusing fluid (water) circulated through a number of stabilizing spirals 
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contained in the same large water-bath. No matter what the rate of perfusion 
the temperature remained unchanged. The rate of perfusion was measured by 
allowing the perfusate, after passage through the Dewar flask, to drip into 
a large sealed bottle connected by air conduction to a float volume recorder 
writing on the kymograph. The results of a typical perfusion are given in 
Fig. 5. It will be seen that as the rate of perfusion increased the relatively hot 
heated junction was cooled down, whereas the relatively cold unheated junction 
heated up. With both heated and unheated thermocouples the relation between 
flow and temperature was not linear. The similarity in form between the 
unheated tube perfusion curve and the curve obtained on perfusing intact 
bowel should be noted. 

In other experiments the rate of perfusion was kept constant and the 
temperature varied. With both heated and unheated thermocouples the 
relation between the temperature of the perfusate and the recorded tempera- 
ture was linear over the range considered. Moreover, a given change in 
perfusion temperature produced approximately the same temperature change 
in both the heated and unheated thermocouples. | 


The behaviour of the heated thermocouple with cold junction in the rectum 

When the heated thermocouple was in the rectum with the cold junction 
- immersed in a Dewar flask at a constant temperature, it was found that 
although the heated thermocouple responded to blood flow changes, it also 
followed the main drifts of body temperature. The interpretation of temperature — 
changes in terms of vascular reactions presented no difficulty where the body 
temperature and heated thermocouple curves moved in opposite directions, or 
where the body temperature remained steady. In cases where both the heated 
thermocouple and absolute rectal temperature records moved in the same 
direction, as in extreme body heating or cooling, and in preliminary experi- 
ments on fainting (Grayson & Swan, 1951), the interpretation of any change 
as primarily vascular presented difficulties. In the perfusion experiments 
described above, however, where the heated and unheated couples were close 
together, a given change in perfusion temperature affected the heated and 
unheated thermocouples to approximately the same extent. In the rectum 
it might, therefore, be expected that a given change in body temperature 
would also affect the heated and unheated thermocouples equally. Alteration 
in temperature of the heated thermocouple relative to the unheated rectal 
thermocouple would then be sufficient to indicate a blood flow change. 

In the intact human subject it is difficult to demonstrate the relative 
responses of heated and unheated rectal thermocouples to changing body 
temperature alone, for the presence of intestinal blood flow responses to heat 
or cold complicate the heated thermocouple record. The problem was studied, 
however, using a subject on whom the operation of bilateral dorsolumbar 
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sympathectomy had been carried out 9 days previously. The body temperature 
was raised by covering with blankets and immersing an arm in warm water 
at 45° C. A heated thermocouple was used with its cold junction in the rectum, 

and change in temperature was recorded directly. Absolute rectal temperatures 
were recorded from a geparate circuit. In this subject body warming produced 
no significant deviation between heated and unheated thermocouples _ 
a rise in absolute rectal temperature of 0-75° C. (ig: 6). 


Intrarectal pressure 


_ 105 
Rectal blood flow 


1:3 


Temp. above absolute 


Time 30 sec: 


Fig. 6. The effect of body heating after bilateral dorsolumbar sympathectomy on the differential 
recording between heated and unheated rectal couples, absolute rectal temperature and 
intrarectal pressure. Tracing from kymograph record. 


It was thus confirmed that, where the intestinal vascular reflexes were 


abolished, changes in body temperature affected both heated and unheated 
thermocouples equally. 


The position of the heated thermocouple in the rectum 

X-ray examination of the subjects showed that it was mas to pass the 
recording instrument 16-18 cm. past the anal orifice. Any attempt to pass it 
further resulted, usually, in kinking or curling of the tube. The recording 
thermocouple lay high in the ampulla of the rectum but could not, in most 
cases, be passed further without the aid of a sigmoidoscope. 


The effect of changes in bowel tone on the differential recording 


To minimize the likelihood of bowel action the subjects fasted for 12 br. 
before the experiment and were instructed to empty their bowels before 
coming to the laboratory. It was found that the thermocouples were easily 
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inserted and were usually free from faecal contamination when removed at 
the end of the experiments. Accidental passage of flatus was rare. Subjects 
frequently noticed a feeling of heaviness when the instrument was first 
inserted; this passed off rapidly, and in most cases the subject had no con- 
tinuous awareness of the presence of a foreign body in the rectum. 

The possibility of mechanical artefact produced by variations in contact 
between the thermocouple and rectal mucosa or by the passage of faeces or 
flatus was not, however, fully eliminated by these precautions, and it was 
considered necessary to investigate the effect of intestinal movements on the 
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Fig. 7. Temperature recordings—differential and unheated—from the rectum during the changes 
in intracolonic pressure following the slow intravenous administration of 0-75 g. of procaine 
hydrochloride. | 


differential record. Accordingly a pressure recorder was used, consisting of 
a balloon attached to the end of a short length of polyethylene tubing of 1 mm. 
internal diameter. This was inserted rectally, then connected to a 2 1. glass 
bottle, a hand-operated pump and a membrane manometer (Wiggers’ capsule). 
A thin beam of light reflected from the manometer mirror was focused on the 
galvanometer screen so that pressure changes could be observed at the same 
time as temperature differences from the rectal recorder. The pressure inside 
the balloon was raised initially to about 30 cm. of water. When the dead space 
within the recording system was reduced by disconnecting the 21. bottle, 
fine pulsations, arterial in timing, were seen, superimposed on larger respiratory 
deviations. The inclusion of the glass bottle damped the movements due to 
these causes so that mean pressures could be the more readily followed and 
recorded kymographically by the manually operated device. 
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‘In thirty experiments, where the effect of externally applied thermal stimuli 


was investigated, changes in pressure within the balloon were seldom observed. 
In other types of experiment slow changes in intrarectal pressure have, however, 
been recorded. Fig. 7 has been prepared from the kymograph record of an 
experiment in which novocaine was administered intravenously to the subject. 
A slow drop in pressure occurred within the balloon, followed by a return to 
a pressure higher than that initially recorded. There was no significant change 
either in the absolute temperature of the rectum or in the differential record 
between heated and unheated thermocouples. 

Again, following fainting, more rapid changes frequently occurred in intra- 
rectal pressure (Grayson & Swan, 1951). No effect was observed on the 
differential record. _ 

In a few instances, however, where passage of flatus occurred, sudden changes 
took place in the pressure inside the balloon. In these cases there was occasionally 
a rapid drop in the temperature of the heated thermocouple with only slight 
change in the recording from the unheated thermocouple. The subsequent 
return to base line was usually complete. | 

Although these results show that artefact due to mechanical cause is rare 
when using this type of rectal blood flow recorder, it was considered necessary 
to continue the use of the intrarectal balloon as a safeguard. 


A comparison of results using colostomies and heated thermocouples 

The following experiments are presented simply as a comparison between 
the colostomy technique and the heated thermocouple method of recording. 
It is not intended to discuss the physiological significance of the findings. 

Fig. 8 shows the effects of body warming on a colostomy patient. Blood 
flow was recorded, using direct observations of colostomy temperature and the 
differential rectal blood flow recorder. The similarity in the form of the two 
records is striking. Both methods indicated that body warming produced 
a diminution in bowel blood flow. This effect of external heat has been fully 
reported elsewhere with reference to colostomies (Grayson, 1949). In ten 
additional experiments, using the rectal recorder applied to normal intact 
subjects, the same effect was always found. 

Fig. 9 shows the results of cooling a limb in two normal and two colostomy 
subjects. The colostomy results have been previously reported. In twelve 
experiments performed on normal healthy subjects using the rectal differential 
recorder similar results have been obtained. In all cases, immersing a limb in 
cold water produces evidence of an increase in intestinal blood flow. 

The two approaches have also been compared under other conditions. 
Adrenaline, for example, administered intravenously, produced evidence of 
diminished intestinal blood flow with colostomies (Grayson & Swan, 1950) 
and with the rectal recorder. Again, intravenous dihydroergocornine—a 
dihydrogenated alkaloid of ergot—produced evidence of diminished intestinal 
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Fig. 8. The effects of body warming on intestinal blood flow. 
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Fig. 9. The effects of limb cooling in four human subjects; duration of cooling indicated by black 

bars. A, rectal temperature and differential recording from heated and unheated couples in 
§ the rectum. B, rectal temperature and colostomy temperature. C, skin temperature and 
, differential recording from heated and unheated couples in the rectum. D, skin temperature 
: and colostomy temperature. 
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blood flow, when measured by both techniques. The effects of fainting on 


intestinal blood flow are the same when recorded by either method. 


DISCUSSION 


Both the methods which have been described for the estimation of blood flow 
changes in the human intestine are open to criticism. The colostomy method, 
for example, demanded the use of an unphysiological preparation, human 
intestine which may have been damaged at operation, subjected to the 
constant irritation of a dressing or pad, and exposed to the unnatural environ- 
ment of the room air. The subjects for the most part were elderly, sick men or 
women, Though they were usually highly co-operative, they could not be 
subjected to experimental procedures involving much strain. 

The technique of the heated thermocouple inserted rectally, however, could 
be applied to young healthy adults. The measurements were made in normal 
intact bowel with its vascular and nervous connexions intact. The records, 
however, were not fully reliable when bowel movement occurred, and it was 
found necessary at all times to ensure against such complications. 


Both methods share the disadvantage that in their present form they are 


not quantitative and are not even linearly related to blood flow. Moreover, 
the findings only apply strictly to the wall of the intestine and not to the 
splanchnic area as a whole. 

None the less, the two approaches ine given consistent results. It is this 
agreement, indeed, which affords one of the strongest vindications of each 
method. The present lack of a quantitative approach is a big disadvantage, 
but so little is known concerning the physiology of the intestinal circulation 
that considerable scope remains even for a technique which is purely qualitative. 
The contribution of cutaneous temperature studies to our knowledge of the 
skin circulation was considerable. The methods dealt with in this paper may 
prove to have a comparable value in the study of the intestinal circulation. 


SUMMARY 
1. The methods of measuring the temperature of colostomy tissue in human 
subjects are described, and the significance of such measurements in the 


_ Investigation of intestinal blood flow responses are discussed. 


2. The measurement of rectal blood flow changes in intact human subjects 
is described, using a thermocouple heated electrically above body temperature. 
In most experiments its cold junction was also included in the rectum. Increase 


In rectal blood flow cooled down the heated couple relative to the unheated 


couple, decrease in rectal flow permitted it to warm up. The detailed con- 
struction of the instrument, its use and its limitations are described. : 

_ 8. The two methods of recording have been compared under a number of 
different experimental conditions, 
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APPENDIX 
The object of the following calculations is to derive a mathematical relationship 
between blood flow and tissue temperature which may be applicable to living 
tissues. Let us first consider the heat exchanges occurring when warm fluid 
flows along a thin-walled tube of length LZ, exposed to a cool environment. 


_ By Newton’s law of cooling, heat loss varies as temperature difference between 


tube and environment. This temperature difference will be termed the tempera- 
ture excess. 

Let 0 be the temperature excess at points along the tube wall with limits 
9, at entry and 6, at exit of tube of length ZL. Let P=perimeter of tube; 
A =cross-sectional area of tube; S=specific heat of fluid; «=emission of heat 
per unit area, per unit excess, per unit time. Consider a short length dz of the 
tube at distance z from the entry, mean temperature excess 0. Equating the 
loss of heat by emission at the surface to the difference of heat content at 
entry and exit in a time 8¢, we have 


0, « P 8a &=SA 80, 


where 8@ is the drop in temperature between z and z+4z. If v represents the 
velocity of fluid, d¢=62/v. Hence log, (0,/8;)=(eP/SA) (1/v). But, for any 
tissue, «, P, S and A are assumed to be constants. Therefore 


logig =K (1/2), 


It might be considered that a similar relationship would nsely to blood flow 
through a complex system of tubes such as the vascular bed of the colon, for 
such factors as the total length of the vessels and the mean cross-sectional area 
would affect only the constant K. To test this hypothesis the experiment 
illustrated in Fig. 2A, where isolated colon was perfused with fluid at a con- 
stant temperature, will be considered in more detail. Using the formula 
K =v logy (0,/6,), where 0 is the temperature excess of the perfusing fluid 
and 0, is the tissue temperature excess at any given rate of flow, values of 
K have been calculated for five points of the curve and are given in Table 1. 


_ where K =log,, e (eP/SA). 


TABLE 1 
(Environmental temperature = 20° C.; perfusion temperature = 36-5° C.; perfusion temperature 


excess = 16-5° C. Mean value of K =2-126.) 


Rate Tissue Calculated 
of flow temperature value 
(ml. /min.) °C.) of K 
10-0 30-0 2-175 
20-0 33-0 2-072 
30-0 34-0 2-142 
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Applying this value of K to the equation 
logo (99/9;,) = K (1/»), 
a theoretical curve has been plotted, relating rate of perfusion to temperature 


to correspond very closely with the theoretically constructed curve. 

With respect to the other five perfusion experiments which were also 
performed, the same mathematical treatment has been applied. Values of 
K were obtained as follows: 2°56, 3-12, 1-51, 3-32 and 2°13. 


the experimentally derived curve. It appears, therefore, that the temperature 
of isolated perfused colon is related logarithmically to the rate of perfusion, 
and is given by the relation 

= K (1/»). 

This relation, however, only applies to passive changes brought about by 
changes in perfusion pressure. No information is available in living tissue to 
indicate the effect of active changes in vasomotor tone on the constant K. 


The author is indebted to Prof. R. J. Brocklehurst for his interest and advice, to Dr A. F. Rogers, 
who devised the heater circuit, and to Drs E. G. Richardson and W. J. Bates for help with the 
physical aspects of the work dealt with in the Appendix. 
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_ (Fig. 2A). The experimentally derived data are superimposed and will be seen 


In each case the theoretically constructed curve corresponded closely with . 
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THE FOVEAL AND PARA-CENTRAL SPECTRAL 
SENSITIVITIES IN MAN 


By R. A. WEALE 
From the Vision Research Unit, Institute of Ophthalmology, London 
(Received 9 December 1950) 


The foveal spectral sensitivity curve as measured with small test fields (Stiles 
& Crawford, 1933; Thomson, 1951) has revealed certain statistically significant 
deviations from a single-hump function (Thomson, 1951), but the data so far 
obtained for extra-foveal regions of the human retina are not detailed enough 
to make a statistical analysis possible. In the older experiments (Parsons, 
1924) the retinal location is designated simply by the term ‘periphery’. In 
more recent work, retinal regions beyond 10° have not been examined. Walters 
& Wright (1943) obtained smooth spectral sensitivity curves at this location, 
and state that, while the function as measured at very low brightness levels 


- could be identified with the scotopic curve whose peak is at 0-50y., at high 


brightness the curve exhibited a peak at 0:54. This shift is, of course, a 
manifestation of the Purkinje phenomenon; the authors stress the fact that 
they did not obtain a curve with a maximum at 0-55. as for the fovea, even 
though the test-field appeared very bright when viewed foveally. Bouman 
(1950) obtained results for 7°; she determined her spectral sensitivity by 
a threshold method which yielded a curve with a maximum at 0-50y. and 
a shoulder at 0-60. Gilbert (1950) gives two curves for 4° for her eye in a state 
of light- and dark-adaptation respectively. 

- A detailed examination of the extra-foveal regions of the human retina by 
psycho-physical methods is of great interest for several reasons. Granit (1947) 
suggests that the sensory mechanism of the peripheral part of the human 
retina may be similar to that of the cat, which he investigated by electro- 
physiological means. It will be recalled that the feline retina contains 
modulators whose sensitivities exhibit maxima in the blue (0-46y.), in the 
green (0-53 u.) and in the orange (0-60 1.) respectively. It would be interesting 
to examine Granit’s suggestion by measurements made in the periphery of the 
human eye. Further, Motokawa (1949) has found that, whereas electrical 
stimulation of the eye revealed three basic colour mechanisms in the fovea 
(with maxima at 0-45, 0°55 and 0-59... respectively), at 15° there appeared 
a separate mechanism for the perception of yellow; its peak is at 0-58. The 
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reduction of the sensitivities of the ‘green’ and ‘red’ mechanisms, together 
with the movement of their peaks away from the yellow (to 0-53 and 0°62 p. 
respectively), suggest that the ‘yellow’ mechanism may be of a composite 
nature, to.which both ‘red’ and ‘green’ mechanisms contribute. Here again, 
psycho-physical measurements at 15° might provide evidence for a ‘yellow’ 
receptor. | 

The view that the ‘yellow’ mechanism found in the periphery is due to the 
fusion of the ‘red’ and ‘green’ ones finds some support in Le Gros Clark’s 
anatomical studies of the primate lateral geniculate body (1949). Abney’s 
measurement of the colour fields (1913), on the other hand, suggests that there 
is an independent ‘yellow’ receptor in the periphery of the human eye, as the 
field for monochromatic yellow is larger than that for a mixture of red and green. 

Another reason for a more detailed psycho-physical investigation of the 
periphery is given by Osterberg’s work (1935). He showed that the number of 
cones per unit area decreases sharply from the fovea to 10° radially in all 
directions; beyond this the reduction is slight. Quite in general, therefore, one 
would expect at least a marked quantitative difference in colour-vision between 
the fovea and 10° and smaller variations at regions outside this. The writer’s 
work on hue-discrimination (Weale, 1951) confirms this expectation. 

Previous extra-foveal sensitivity data do not make it possible to connect 
objective with subjective results and so to throw additional light on the above 
problems. In an attempt to provide data which would facilitate this the writer 
measured the spectral sensitivity S,, (Thomson, 1951) at 0, 10 and 15° in the 
temporal retinal fields of his left eye at brightness levels corresponding to 
2-4 and 75 E.¥F.C. respectively. Sj is the reciprocal of the relative energy Ey, 
measured at the cornea, which gives a sensation of constant brightness at 
different wave-lengths. 


METHODS 


Apparatus. The apparatus was the same as that used in the writer’s work on hue-discrimination 
(Weale, 1951). Light from a single tungsten ribbon-filament lamp was passed through two Hilger 
Barfit monochromators, thus providing two independent beams of light. These were rendered 
co-directional either by a mixing prism or by a 90° reflecting prism. The former was used in the 
foveal measurements when the upper and lower fields, A and B, had to be in juxtaposition, the 
latter in the work on the para-central regions, when their near edges were separated by 25’-30’: 
this made it possible just to distinguish them as being two fields. When A and B were in juxta- 
position, as in the measurements in the fovea, the observer saw a bipartite circular area, subtending 
at the eye an angle of 50’. A provided the test field, B the ‘standard’ to whose brightness the 
various hues in A were matched in turn. A white field of angular subtense 6° surrounded the two 
halves; its brightness was the same as that of A and B. The brightness of A and B could be 
adjusted by neutral wedges and filters. Only the neutral wedge and filters inserted in the path 
of A were calibrated. 

Calibration of apparatus. The linearity of the neutral wedge by which the spectral sensitivity 
was measured was confirmed for three wave-lengths: 0-422, 0:545 and 0-625 pw. A series of rotating 
sector wheels was used with the wedge in its maximum transmission position, the light thus being 
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reduced by a known factor. It was measured by the current produced in an electron-multiplier 
cell, When a value for the current had been read off the Cambridge Unipivot galvanometer the 
sector wheel was stopped, and the wedge moved till the galvanometer gave the same reading. 
The optical density slope of the wedge, and the densities of the neutral filters and the mixing 
prism, were measured for each wave-length. It was necessary to measure the density of the latter 
because it was used only in the foveal measurements. It acted as a filter and was removed during 
the relative energy calibration of the ribbon filament lamp. The latter was carried out with an 
electron-multiplier photocell calibrated by the National Physical Laboratory. The procedure 
consisted in determining for each wave-length the wedge position which would give rise to a suit- 
able constant photo-electric current. Using these readings in conjunction with the sensitivity data 
relating to the photocell it was possible to calculate the wedge readings corresponding to an equal 
energy spectrum. Ilford Bright Spectrum Filters (621-6, 607-8) were used at the appropriate 
wave-lengths both in the measurements and in the calibrations in order to reduce the effect of 
stray light. 

Measurement of spectral sensitivity. In the foveal high brightness measurements the wave-length 
_ of the ‘standard’ was 0-576 pu. because the corresponding hue is very desaturated and the brightness 
match between the test-field and the ‘standard’ is, therefore, less hampered by chromatic 
_ differences. The lower brightness measurement, however, covered a much larger part of the 

(vide infra): to reduce the difference in chromaticity in this case, two substandards 
(0-483 and 0-612 u.) were chosen. They were matched in brightness to 0-545 u., and the former was 
used for test wave-lengths shorter than this, the latter for the longer ones. The two positions of 
the neutral wedge determining the brightness of the substandards were fixed by two clamps. 
Clearly, the assistant had to betray when one or the other of the ‘substandards’ was used: it is 
not thought that this factor can prejudge the observer’s match. Only one ‘standard’ (0-545 y.) 
was used for the para-central measurements as the poorer hue-discrimination caused no difficulty 
in connexion with chromaticity differences. 

The actual measurement of the spectral sensitivity consisted in the assistant’s setting of the 
test-field to a wave-length of random choice. The observer then matched its brightness to that of 
the standard, both occupying the relevant retinal position. On registering the readings the _ 
assistant set the test-field to another wave-length, when a new match was made. Since the 
brightness of the lamp cannot be raised beyond given limits, the spectral ranges for the higher 
luminance level are of necessity restricted as compared with those for the lower. Each run, which 
lasted about 1 hr., was preceded by a period of 15 min. dark-adaptation. Between the matches 
the observing eye was kept in the dark. One run was carried out in the morning, and one in the 


RESULTS 

The experimental results are given in Figs. 1-3. The spectral sensitivity Sy, 
measured at the cornea, is plotted as ordinate in log units against the frequency v 
of the light. v is related to the wave-length A by the expression v=c/A, where c 
is the velocity of light (2-998 x 10" cm./sec.). 1¢ is equal to 10% cyc./sec. The 
reader’s orientation is facilitated by a wave-length scale drawn at the top of 
each figure. In all figures the red end of the spectrum is on the left and the 
violet on the right. The data are plotted for an equal quantum spectrum. 
Each point represents the mean of seven readings except for v=5-4, 5:5, 5-6¢ 
at the lower brightness level in the foveal measurements; it will be recalled 
that two substandards were used. In this region, where they overlapped, each 
point represents the mean of fourteen readings. 


Fig. 1 reproduces the results for the fovea at the higher and lower brightness 
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Fig. 2. Spectral sensitivity at 10°. Ordinate, log sensitivity ; abscissa, frequency in ¢. O, brightness 
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Fig. 1. Spectral sensitivity at the fovea. Ordinate, log sensitivity; abscissa, frequency in ¢. 
O, brightness levels of 75; @, 2-4 £.¥.0. 
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Fig. 3. Spectral sensitivity at 15°. Ordinate, log sensitivity ; abscissa, frequency in ¢. O, brightness 
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levels (circles and dots respectively). The shoulder in the orange is rather more 
marked than has been found by other observers. Both sets of data exhibit 
a double prong in the green, which is also shown in Thomson’s work (1951), 

The results for the 10° and the 15° positions are shown in Figs. 2 and 3 
respectively. The most striking feature of these four sets is their double- 
humped nature. In the blue, at about 6-4¢, there are maxima indicating that 
the sensitivity in this region is of the same order as in the green. The humps at 
the higher brightness level are more pronounced than those at the lower. The 
green humps are double-pronged, just as was found to be the case with the 
fovea. At 10° the high brightness data show a maximum in the green at 5-4d, 
at the lower brightness there is a clear shift to a higher frequency (5-74). No 
such shift is observed in the blue (6:44). At 15° the green hump seems to 
experience a similar shift, the one in the blue at 6-4¢ again remaining stationary. 
Representative values of the standard error of the points are shown on the 
right-hand side of each figure. The curves shown in Fig. 1 are calculated 
functions to be discussed below. 


| DISCUSSION 

Choice of abscissa. There are several points in favour of plotting log Sy 
against the frequency v instead of the wave-length A. First, when they are 
equally spaced, more readings are obtained in the blue part of the spectrum, 
which is of greater interest than the red. Secondly, the frequency of the light 
is independent of the material through which the radiation passes, whereas 
the wave-length depends on the refractive index of the medium. This fact is 
of importance when a comparison is carried out between the sensitivity curve 
and any pigment which may be discovered; even on the basis of classical 
physics, the dispersion theory is applied more easily for frequencies than for 
wave-lengths. Thirdly, the quantum theory and its applications have demon- 
strated that the frequency is more characteristic of light than is the wave- 
length. The reason why wave-lengths are used so widely is because frequencies 
of the order 10 cyc./sec. can only be determined indirectly by measuring the © 
wave-length, and because monochromators are calibrated in terms of the 
latter. 

The ordinate. The absolute values of log Sj are unknown, since no absolute 
energy calibration of the apparatus was carried out; this means that the zero 
of the ordinate can be fixed arbitrarily, and that it is impossible to say whether 
the absolute sensitivity of the eye is better at any one brightness level or 
retinal position. | 

The writer’s colour vision. A comparison between Fig. 1 and the results 
obtained by other workers suggests that the writer’s colour vision is normal 
as was, indeed, shown in his. work on hue-discrimination. 

The shape irregularities in the spectral sensitivity data. One is faced with the 
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question whether the various humps and inflexions as manifested in the six 
sets of results are due to experimental errors or to some real cause. In 
answering this it must first be discovered whether the deviations from what 


appear to be smooth curves (Fig. 1) are statistically significant. It is clear that 


the foveal data seem to be described by single-humped, but the para-central 
values by double-humped curves. Thomson used Fisher & Yates’s orthogonal 
polynomials (1943) for the analysis of various sets of foveal data; it is proposed 
to do the same in the present instance. A function y of a single variable ¢ can 
be represented by the series 


The coefficients a, b, c,..., are determined from the experimental data, y 


corresponds to log Sj and £ to the independent variable v (frequency). The 
method is only valid for equal intervals of €. In general, the larger the number 
of terms describing the variation of y with ¢ the more closely does the calculated 
function agree with the data of observation. The discrepancy between the two 
is given by the residual sum of squares. Though parabolas describe the data in 
Fig. 1 fairly well, an additional term (d£*) effects better agreement while still 
preserving the single-humped nature of the function y: these two curves, 
therefore, represent cubic functions. 


In order to reveal the deviations of the experimental data from the calculated 


points the latter were subtracted from the former. The differences (H —(C) are 
_ plotted against the frequency in Fig. 4 (upper section). The circles refer to the 
higher, the dots to the lower luminance level in Fig. 1. The bottom section 
contains similar data for the observers L.C. T. (dots, absolute foveal threshold) 
and B.H.C. (circles, high brightness threshold) (Thomson, 1951). These latter 
data are crowded in the red and sparse in the blue because they were obtained 
for equal wave-length intervals. The writer’s values for H —C were tested with 
Fisher’s z-test, and found to deviate from zero very significantly even on a 0:1 % 
level. It follows that the three major humps (in the red, green and blue parts 
of the spectrum respectively) are unlikely to be due to experimental errors. 
This view is supported independently by the remarkable agreement revealed 
between the data in the two sections of Fig. 4. It extends even to the appear- 
ance of a double peak in the central (green) humps. It is a matter of conjecture 
whether the slight discrepancies in the spectral positions of the maxima and 
minima are real or due to differences in the shape of the fitted curves caused by 
(a) a wave-length basis having been used in L.C.T.’s and B. H.C.’s work, while 
the writer used a frequency basis, and (b) the former results covering a longer 
range of the spectrum, 

Comparisons between Fig. 4 and Figs. 2 and 3 respectively show that the 
shape irregularities shown to exist in the fovea are also present in the para- 
central data. The red hump is not as pronounced in the latter as in the former, 
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a fact which can be correlated with the well-known observation that the fovea 
is more sensitive to long wave-lengths than are the extra-foveal regions. The 
green hump is equally dominant in all sets of data, and double-peaked. The 
para-central parts are more sensitive in the blue; this is a point to be discussed 
in the next section. | : 

The temptation to call the humps in Fig. 4 functional, i.e. related to the 
mechanism responsible for the perception of colour, is great; however, they 
should not be identified with the actual response or sensitivity curves of the 
receptor mechanisms. Their distribution throughout the visible spectrum, their 
counterparts in the para-central sensitivity curves, and the agreement achieved 
amongst different workers support the view that they cannot be due entirely 
to selective absorption in pre-retinal media. 
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Fig. 4. Top: differences between the experimental and calculated points in Fig. 1. Ordinate, 
difference in log sensitivity; abscissa, frequency in ¢. The bottom data are due to the observers 
B.H.C. (©), and L.C.T. (@) (cf. Thomson, 1951). 


Pre-retinal absorption. It is to be pointed out that none of the data have 
been corrected for pre-retinal absorption, macular pigmentation, or absorption 
by haemoglobin. In fact, the only point in which they differ from those 


_ obtained directly is that they are plotted for an equal quantum spectrum 


(Dartnall & Goodeve, 1937). The other corrections have not been applied 
because not enough is known about the absorption characteristics or the 
thickness of the eye-media, especially along optical paths leading to the extra- 
foveal retinal regions. A priori, therefore, some or all of these irregularities 
may be due to selective absorption. The pre-retinal media being yellowish, the 
measured sensitivity in the blue would be expected to be reduced below the 


actual value of the receptor sensitivity (Thompson, 1951). A similar argument 


applies to the macular pigment; this latter, however, could affect only the 
foveal and not the para-central data. Conversely, while haemoglobin gives 
rise to absorption bands in the green and violet, it would not affect the macular 
region (Weale, 1949); in any case, as Thomson has shown, the amount of 
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haemoglobin required to account for the irregularities at a retinal position 
of 1° is unduly large. Since, therefore, they cannot be wholly explained on the 
basis of pre-retinal absorption, they can be considered as being due partly to 
functional variations in the retinal sensitivity. 

Comparison between foveal and extra-foveal data. A close examination of 
Figs. 1-3 shows that there are some well-defined differences between the foveal 
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Fig. 5. Difference between the foveal and the para-central data. Ordinate, difference in log 
sensitivity; abscissa, frequency in ¢. 4, log sensitivity at fovea minus log sensitivity at 10°; 
@-, log sensitivity at fovea minus log sensitivity at 15°. The upper section refers to 75 E.F.C., 
the lower to 2-4 £.F.c. 


and para-central sensitivities which are not confined to the blue. The difference 
in this part of the spectrum is, of course, manifested by the presence of the 
additional peak found at 10 and 15°. Figs. 1-3 show that the ‘red’ hump is 
much more pronounced in the foveal than in the other data, and suggest that 
the fovea possesses a higher sensitivity in the red than do the other regions. 
This is revealed in Fig. 5. It represents the difference between the experi- 
mental foveal and para-central data. The upward direction measures a relative 
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improvement in the foveal sensitivity, the downward, on the other hand, 
a relative increase in the para-central sensitivity. The upper section shows the 
high, the lower the low brightness data. Since in all the four sets the trend is 
downward from the red towards the blue (left to right) it follows that the fovea 
is relatively more sensitive to red than are the para-central regions, and that, 

in the blue, the difference is either much less or reversed in sign. The zero line 
- js fixed arbitrarily; instead of corresponding to the maximum of the foveal 
_gurves it could be placed equally well at any other frequency. Wald’s some- 
what less detailed results (1949) lead to a similar conclusion with respect to 
the sensitivity in the red: the para-central point in this case refers to 8° above 
the fovea. In his computation the zero line is at about 6-24, but when one of 
his curves is displaced to equalize the sensitivity at 5-5¢ (corresponding to 
- \=0-55p.) a result similar to Fig. 5 is obtained. 

Macular pigmentation. It is also apparent that the para-central regions are 
relatively more sensitive to the blue than is the fovea. Wald ascribes this 
difference to the filtering effect of the macular pigment, which reduces the 
measured foveal sensitivity in the blue. A comparison of the data in the upper 
with those in the lower section of Fig. 5 shows that there is no marked difference 
between the two on the red side of the spectrum between 4-5 and 5-54, but 
_ that beyond this the lower points descend much more rapidly than the upper. 
If absorption due to macular pigment were the only reason for the increased 
para-central sensitivity in the blue, the trends of the points would have to be 
more nearly alike. The conclusion to be drawn from this is that differences in 
the receptor mechanisms contribute to the difference in sensitivity between 
the fovea and para-central regions in the blue part of the spectrum. _ 

The ‘yellow’ receptor. It is seen that the more or less smooth trend of the 
points over the spectrum (Fig. 5) is interrupted in the yellow (5-3¢). This can 
be interpreted only by saying that in this region the fovea is relatively less 
sensitive than the para-central parts, a point which is in agreement with the 
writer’s results on hue-discrimination. It is possible that the extra-foveal 
regions contain a mechanism responding to yellow light, which is absent from 
the fovea. But it is still impossible to decide between the two alternatives 
mentioned in the introduction—namely, whether the increase in sensitivity 
to yellow stimuli is independent or due to a partial fusion of the red and green 
responses. 

The standard error of the data. In the course of the experiments on the para- 
central regions the writer noticed that he was very sensitive to brightness 
differences in the red part of the spectrum; the match was made more easily 
than elsewhere. But this applied only to two frequencies: in fact, so good was 
his brightness discrimination in these two instances that he could tell the 
assistant correctly whenever one or the other was set, merely by observing 

the ease with which the match was carried out. This suggested that an inquiry 
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_ into the spectral variation of the standard error of the data might be instructive. 
The result is shown in Fig. 6. The lower set (@) represents the mean of the 
high and low brightness standard errors for the foveal readings, the upper (-O ) 
the mean of the four sets for the para-central data. In the blue the two sets are 
completely at variance with each other; therefore, the data are not shown for 
frequencies higher than 6-0¢ (A=0-50y.). As far as they are shown they 
exhibit a suggestive consistency in their trends. The three minima in the red, 
orange and yellow are marked. In this instance it is impossible to ascribe the 
shape irregularities to anything but receptor mechanisms. Crozier (1950) has 
found that the variation of the standard error of the data for frequency-of- 
seeing curves is similar to the curves shown in Fig. 6. His minima are shown 
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Fig. 6. The spectral variation of the standard error of the mean. Ordinate, o in log units; abscissa, 
frequency in ¢. $, average for the two sets of foveal data; -O, average for the four sets of 
peripheral data. The short vertical lines indicate the positions of minima in Crozier’s spectral 
curve of the standard errors of the mean of frequency of viewing data (1950). 


by vertical lines, He states that these minima are to be expected in spectral 
regions in which ‘the population of potentially excitable elements of sensory 
effect’ is small and vice versa. Thomson (1949), on the other hand, found that 
brightness discrimination at low brightness levels was optimal in those spectral 
- regions in which Granit (1947) had revealed the presence of modulators. The 
maxima of some of the modulator action-spectra coincide with the minima in 
_ Fig. 6, a fact which supports Thomson’s findings. Nevertheless, one is faced 
with a paradox because, on the basis of present-day knowledge, Crozier’s 
statement is correct. 

Comparison with other data, It is natural that an attempt should be made to 
correlate the present results with other work. In the absence of any detailed 
knowledge of the effect of the visual pathways on the nervous message sent 
from the receptors to the cortex, a comparison of the psychic response with 
the absorption characteristics of retinal pigments and with the results of 
electrophysiological data is an obvious choice. Thus, while animal retinae have 
been found to contain modulators (Granit, 1947), whose spectral positions 
correspond to the peaks at 4-6-4-7¢ and 5-7¢ (Fig. 4), no modulator or pigment 
(Dartnall, 1950) has so far been discovered which could be made to account for 
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the low-frequency prong of the ‘green’ hump (5-4¢). In the blue the situation 
is better. The hump at 6:4¢ corresponds to one of the maxima of modulator 
activity which Granit (1949) has shown to exist in the mammalian retina of 
the cat, and Dartnall’s ‘visual red’, as extracted from the retina of Tinca 
tinca has its absorption maximum in this spectral region. It will also be seen 
that the ‘yellow’ mechanism as found by Motokawa at 15° appears already at 
10° as shown in Fig. 5. 


SUMMARY 


_ 1. Luminosity curves have been obtained for the retinal positions of 0°, and 
10 and 15° in the temporal retinal field of the writer’s left eye, at brightness 
levels of 2-4 and 75 e.f.c. The bi-partite test-field subtended an angle of 50’ 
and was surrounded by a circular white field (6°) of equal brightness. 

2, The foveal curves are in good agreement with those obtained by other 
workers. The para-central curves are double-humped. 

3. Smooth functions have been calculated from the foveal data; the 
differences between the calculated and experimental points show that there 
are three spectral regions—in the blue, green, and red, respectively—in which 
the sensitivity is greater than would be expected on the basis of the calculated 
curves. These spectral regions of enhanced sensitivity are found to have their 
counterparts in the para-central data. 

4. It is suggested that the differences between the foveal and para-central 
sensitivities in the blue part of the spectrum are due not only to the presence 
of macular pigment in the fovea but also to receptor differences. 

5. The data are compared with the results of recent photo-chemical and 
electrophysiological investigations. 


The writer would like to thank Dr L. C. Thomson for many valuable discussions and for his 
encouragement; also Mr 8. E. Veronique for his patience in recording the readings. 
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- SUCKLING ANTIDIURESIS IN RABBITS 


By B. A. CROSS* 
From the Physiological Laboratory, University of Cambridge 
(Received 28 January 1951) 


The neurohormonal concept of ‘let-down’ of milk (Ely & Petersen, 1941) 


postulates that stimulation of the teats in suckling or milking evokes a reflex 
release of oxytocic hormone from the posterior pituitary gland. On reaching 
the mammary gland this hormone produces a contraction of the effector 
elements around the alveoli and fine ducts, which forces the milk down into the 
lactiferous sinuses where it is readily removed from the glands by the sucklings 
or the milking machine. Although much circumstantial evidence supports this 
view (Folley, 1947), the ability of the suckling stimulus to excite the neuro- 
hypophysis has not been demonstrated. The object of the present experiments 
was to see whether suckling resulted in an inhibition of a water diuresis which 
could be attributed to release of antidiuretic hormone from the neurohypo- 


physis. 


In this paper the term ‘suckling’ will be used only in reference to the activity 
of the young. 
METHODS 


Nine crossbred rabbits of body weight 2-5-8-7 kg. were studied over thirteen lactations. Diet 
consisted of compound pellets (diet 18, Associated London Flour Millers Ltd.) and fresh greenstuff 
when in season. Water was available at all times. Observations were made between the seventh 
and thirtieth days after parturition, and during this period the does were confined apart from their 
litters and were returned to the nests once daily for suckling. Provided the litters had access to 
water they maintained normal growth and vigour on this regime. Observation windows in the 
darkened nursing cages permitted note to be taken of the behaviour of the doe and her litter, and 
of the duration of actual suckling—a time determined by the doe herself. Litters were weighed 
immediately before and after suckling to obtain an estimate of the quantity of milk withdrawn. 
Diureses were effected by a hydrating dose of 50 ml./kg. body weight tepid water by stomach 
tube followed 90 min. later by a second dose of 40 ml./kg. body weight. Thereafter the rabbits were 
confined in diuresis cages from which they were only removed for collection of urine by manual 
expression every 15 min. and for suckling or one of the control procedures. Any urine passed 
between collections was added to the appropriate sample. The urine volumes were measured and 


_ the chloride concentration estimated by the Whitehorn method. 


Injections of posterior pituitary extracts were made in the marginal ear vein. The extracts were 
given in normal saline in a volume of 0-5-1-0 ml. Assays were performed by interposing an anti- 
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diuretic response to suckling between two graded doses of posterior pituitary extract. As far as 
possible all three observations were made on the same day. The extracts used were the products of 
the Parke Davis Company: ‘Pituitrin’, undifferentiated posterior pituitary extract containing the 
oxytocic and vasopressor fractions in equal proportions; ‘Pitressin’, containing the purified 
vasopressor fraction with about 5% contamination with oxytocin, and ‘Pitocin’, containing the 
purified oxytocic fraction with about 5% contamination with vasopressin. 
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Time in 15 min. periods . 
Fig. 1. (a) Water diuresis curves from rabbits nos. 3 and 6. (b) Antidiuretic responses from same 
rabbits. S=suckling; O——-O =rate of urine flow; x—— x =chloride concentration in 
urine. These antidiuretic responses are typical of those observed to follow suckling. 


RESULTS 
Normal course of water diuresis 


In most cases the urinary excretion rate rose to between 10 and 20 ml./15 min. 
half an hour after the second dose of water, and maintained a steady level for 
an hour or more before subsiding (Fig. 1a). No significant difference was 
observed in the diuretic responses of lactating and non-lactating rabbits. 
Incidental laboratory noise or presence of strangers did not affect the course 
of a water diuresis, and rehydration involving gentle restraint and passage of 
the stomach tube rarely caused observable inhibition of urine flow. The urinary 
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_ chloride typically followed the course indicated in Fig. 16) namely, a gradual 
{ fall in concentration and absolute excretion rate. 


Effect of suckling on water diuresis 


In fabian out of fifty-five experiments in which suckling was allowed at 
the height of a water diuresis an antidiuretic effect was observed (see Fig. 15). 
Maximum oliguria was present in most cases at the second urine collection 
following suckling, and these samples showed a chloride concentration of as 
much as four times the pre-suckling level. Chloruresis occurred in eight 
experiments in three rabbits. Five of the experiments in which no antidiuresis 
resulted were with one rabbit (no. 3) in its first lactation. Chloruresis was, 
nevertheless, observed in three of these cases. 


The antidiuretic responses to suckling were similar to those following intra- _ 


venous injections of small doses of posterior pituitary extract (see below). 
_ Assays in four animals showed the suckling antidiuretic response to be greater 
than that produced by 0-4 mv. but less than that produced by 1-0 mu. 
‘Pituitrin’ (Fig. 2). These responses were typical of those obtained in the forty- 
positive experiments. 

The magnitude of the antidiuretic response to suckling bore no ebviows 
relation to the size of the litter (four to seven young), the duration of suckling 
(24-7 min.), or the quantity of milk withdrawn (30-216 g.). 

Experiments were carried out in an attempt to find the minimal requirements 

of an effective suckling stimulus. The first method adopted was to paint the 
nipples (rabbit no. 6) with cdllodion in order to prevent egress of milk without 
unduly interfering with mammary stimulation during nursing. On the first 
two occasions no milk escaped despite vigorous suckling attempts by the litter. 
No antidiuresis occurred. On the third occasion the collodion seals broke 
allowing the young to obtain 86 g. milk in 2? min. A typical antidiuretic response 
_ was obtained in this case. In the fourth test the doe frustrated attempts to 
suckle by her litter and no diminution of urine flow was observed. In the next 
lactation of the same animal an alternative method was tried, namely normal 
suckling for 1 min. only. It was hoped that appreciable milk loss would not 
have occurred in this short interval, although ‘let-down’ might occur. However, 
43 g. milk was withdrawn by the litter, and suckling antidiuresis was again 
exhibited. Curtailing the suckling period to } min. in two successive tests 
prevented milk loss and no antidiuresis ensued. Likewise, in three further 
experiments (rabbits nos. 1 and 3), normal suckling for 1 min. without escape 
of milk did not result in an antidiuresis, although longer suckling with milk loss 
produced antidiuretic responses later the same day. Finally, in three experiments 
(rabbits nos, 6 and 15) in which a single young rabbit was allowed to suckle 
_ for a period of 5-15 min., a transient diminution of urine flow unaccompanied 
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by increased chloride concentration resulted, although in one case 25 g. of milk 
was removed. 


Effect of posterior pituitary extracts on water diuresis 
The effect of posterior pituitary extracts on a water diuresis was examined 
in sixty-two experiments in eleven rabbits. 
The responses to ‘Pituitrin’ and ‘Pitressin’ in doses up to 10 mv. were 
strictly comparable. Maximum inhibition of urine flow had usually occurred 
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Time in 15 min. periods 
Fig. 2. Assay of suckling antidiuresis. (a) Rabbit no. 1: J,, injection of 1-0 mv. ‘ Pituitrin’; 
S=suckling; I,, injection of 0-4 mv. ‘Pituitrin’. (6) Rabbit no. 9: J,, injection of 0-4mv. 
‘Pituitrin’; S=suckling; J,, injection of 1-Omv. ‘Pituitrin’. O——O =rate of urine flow; 
x x =chloride concentration in urine. 


by half an hour, and only with doses of 0-5 mu. or less was recovery of urine 
flow sometimes apparent at this time. With the larger doses recovery had begun 


by the third or fourth urine collection after injection (Fig. 2). The chloride | 


concentration of the oliguric samples increased to as much as ten times the 
pre-injection level. Chloruresis was observed in twelve cases. One rabbit 
(no. 3) failed to give antidiuretic responses to 0-5-1-0 mv. ‘Pituitrin’ on four 
occasions in her first lactation, but this refractoriness was not present in two 
subsequent lactations. 
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Doses of 1-0-2-0 mu. ‘Pitocin’ were not found to produce an antidiuretic 
effect, although chloruresis was observed. 100 mv. ‘Pitocin’ was injected in — 
one experiment and an antidiuretic response was obtained. This was probably 
attributable to the small impurity of ‘ Pitressin’. 

Effect of emotional stimuli on water diuresis 

The possibility that emotional factors might contribute to the production — 
of the antidiuretic response to suckling was examined by subjecting diuretic 
rabbits to: (1) intravenous injection of 1-0-10-0 ug. adrenaline in 1-0 ml. normal 
saline; (2) the noise of a klaxon horn; (3) subcutaneous faradic shocks; (4) coitus; 
(5) confinement with the litter without the occurrence of suckling. With the 
exception of faradic shocks of sufficient duration and intensity to provoke 
resentment, these procedures failed to elicit changes in urine flow comparable 
with those following suckling or injection of ‘Pituitrin’. Faradic shocks 
produced antidiuretic responses similar to those resulting from 0-5-8-0 mu. 
‘Pituitrin’ and some of these closely resembled suckling antidiuretic responses 


in magnitude, time course and concomitant increase in urinary chloride 


DISCUSSION 


It is clear from the data presented in this paper that the stimulus of normal — 
suckling results in an inhibition of a water diuresis in rabbits. These findings 
are in accord with recent work in the cow (Peeters & Coussens, 1950) in which 
up to 40% inhibition of urine flow lasting }-1 hr. followed milking in eleven out 
of fourteen experiments in two diuretic animals. Maximal bovine responses 
were matched by injection of 10 mu. posterior pituitary extract. 

The essential components of an adequate suckling stimulus remain in 
doubt. It would seem unlikely that emotional factors are involved (Rydin & 
Verney, 1938), since all the emotional stimuli tested except subcutaneous 
faradism failed to give a comparable response. It is possible, however, that 
a specific type of emotional pattern is concerned. The removal of milk from the 
glands would appear to be a more important factor, since this occurred in all 
the cases in which suckling resulted in an antidiuretic response, while in the 
seven experiments in which escape of milk was prevented no antidiuretic effect 
was observed. This might suggest that the circulating blood is concentrated by 
the withdrawal of fluid from the mammary glands, and that in consequence an 
osmotic stimulus to antidiuretic hormone release might be implicated. Opposing 
this idea, however, is the fact that the milk withdrawn is actually present in 
the glands at the start of suckling (Gaines & Sanmann, 1927; Gowen & Tobey, 
1927; Petersen, Palmer & Eckles, 1929). It is difficult to see how removal of 
this preformed milk could affect the composition of the circulating blood. It 
seems more likely that the distinctive pattern of sensory impulses from the 

PH. CXIV. | 30 


Ae “a 
> 
a 
H 
| 
| 
| 
} 
| 
| 
< 
j 


452 | B. A, CROSS | 


mammae occasioned by the outward passage of milk through the teats is 
necessary for stimulating release of the antidiuretic hormone. 

The pituitary origin of a suckling antidiuresis is supported by the similarity 
in magnitude, time course and urinary chloride changes of antidiuretic responses 
to small doses of ‘ Pituitrin’ or ‘Pitressin’. Further, preliminary work (Cross 
& Harris, unpublished) has shown that suckling antidiuresis may be abolished 
by electrolytic lesions in the region of the supraoptico-hypophysial tract. 

Most workers agree that it is the oxytocic factor that is chiefly concerned in 
the ‘let-down’ process (Ely & Petersen, 1941; Linzell, 1950; Petersen, 1942; 
Whittleston, 1950), although the vasopressor fraction has some activity (Cross 
& Harris, unpublished; Petersen, 1942; Turner & Cooper, 1941; Whittleston, 
1950) and the possibility that unfractionated extracts may contain a still more 
powerful ejection principle i is not ruled out (Turner & Cooper, 1941). The experi- 
mental results reported in this paper would suggest that the antidiuretic 
hormone is not responsible for the ‘let-down’ of milk, for a dose of 0-5-1-0 mv. 
‘Pitressin’ has no ejection effect. In the rabbit 50-200 mv. posterior pituitary 
extract is probably necessary to produce ‘let-down’ (Cross & Harris, 1951). In 
the cow the corresponding figure is in the region of 1000 mv. (Peeters, 1950). 
That is to say, the ratio of antidiuretic effect to milk ejection effect resulting 
from the suckling stimulus is of the order of 1 : 100 in both species. This large 
_ ratio is further strong evidence against both phenomena being due to a release 
of antidiuretic hormone, but does not exclude the possibility that the anti- 
diuresis is a side-effect of a large release of the oxytocic factor which causes the 
‘let-down’. This, however, is made unlikely by the occasional occurrence of 
‘let-down’ without antidiuresis, and in any case there is no evidence for an 
antidiuretic action of oxytocin. On these grounds it seems likely that the 
antidiuretic and milk ejection responses are mediated by separate hormones 
released independently from the neurohypophysis. In conformity with this 
idea is the evidence suggesting that removal of milk from the mammary glands 
may be necessary for the appearance of an antidiuretic response to suckling, 
whereas ‘let-down’, which normally occurs within 30-60 sec. of the onset of 
nursing, precedes withdrawal of milk. It is possible, therefore, that while 
stimulation of the teats alone is sufficient to evoke release of the milk ejection 
hormone, passage of milk out of the glands is required to excite the additional 
release of antidiuretic hormone. As cows can be trained to ‘let-down’ in 
response to massage of the teats with a warm udder cloth before actual milking 
is commenced, it would be interesting to see if such a procedure resulted in an 
antidiuresis, 


SUMMARY 


1. In forty-nine out of fifty-five experiments an inhibition of urine flow was 
observed in diuretic rabbits following suckling. 
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2. The antidiuresis lasted 4-1 hr., maximal oliguria usually occurring half 
an hour after suckling. 

3. Oliguric urine samples showed increased chloride concentration. Chior- 
uresis occurred in eight of the fifty-five experiments. 

4. The antidiuretic responses to suckling closely resembled those from 
intravenous injection of ‘Pituitrin’ or ‘Pitressin’ in doses of 0:4-1-0 mv. 

5. The effect of various emotional stimuli on a water diuresis was investigated. 
Only subcutaneous faradic shocks resulted in antidiuretic responses resembling 
those from suckling or ‘ Pituitrin’. 

6. In seven experiments suckling in the absence of withdrawal of milk did 
not evoke an antidiuretic response. 

7. The significance of these findings in relation to the neurohormonal theory 
of “let-down’ of milk is briefly discussed. The results are consistent with the 
view that suckling stimulates the neurohypophysis. | 


I am happy to acknowledge my great indebtedness to Dr G. W. Harris for much advice and 
invaluable suggestions. I am very grateful also to Mr R. R. W. Dye for technical assistance and 
his care of the animals. It is a pleasure to record the consideration I have received from the Animal 
Health Trust during my successive tenure of a research scholarship and fellowship. 
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A COMPARISON OF THE ADAPTATION OF THE 
PACINIAN CORPUSCLE WITH THE ACCOMMODA- 
TION OF ITS OWN AXON 


_ By J. A. B, GRAY anp P. B. C. MATTHEWS* 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 29 January 1951) 


The repetitive responses of a nerve and of a sense organ to a maintained 
stimulus are qualitatively similar, and it is possible that, in this respect, the 
behaviour of the sensory ending is determined by the accommodative properties 
of the nerve fibre supplying it. If this is so, a quantitative relation might be 
expected between the adaptation of a sensory ending and the accommodation 
of its axon. In agreement with this, Gray & Malcolm (1950) showed that 
mesenteric Pacinian corpuscles adapt to steady pressures as rapidly as their 
nerves accommodate to steady currents. In their experiments a mechanical 
stimulus to the corpuscle of thirty times threshold excited a short discharge of 
five or fewer action potentials, and constant currents applied to the axons of 
Pacinian corpuscles excited a similarly short response. These discharges are 
short compared with those produced by maintained stimulation of most other 
end organs and of many nerves (Erlanger & Blair, 1938; Bernhard, Granit & 
Skoglund, 1942; Skoglund, 1942), in which the response may continue for 
several seconds or even minutes. This similarity of the adaptation of the 
Pacinian corpuscle with the accommodation of its nerve fibre made it appear 
worth while to investigate the relationship in more detail. 

A more quantitative measure of accommodation and adaptation may be made 
by using linearly increasing stimuli. Gradually increasing stimuli fail to excite 
either nerve (Lucas, 1907; Fabre, 1927; Granit & Skoglund, 1943; Tasaki, 1950) 
- or sense endings (Gray & Malcolm, 1951) unless their rate of increase exceeds 
a critical value. In nerve this critical slope is accepted as being a measure of 
_ the accommodation, and as being linked with the duration of the discharge 
produced by a maintained stimulus. Similarly, for a sense organ, it is reasonable 
to take the critical slope as a measure of adaptation. Thus, adaptation and 
- accommodation may be compared directly in terms of their critical slopes, 
when these are given in terms ‘of rheobases per unit time. In our experiments 
we have used this method to compare the adaptation of a single eacnian 
corpuscle with the accommodation of its own axon. 


* With a Research Training Grant from the Medical Research Council. 
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It may be objected, however, that although the adaptation of a sense ending 
is certainly a physiological property, it has been doubted whether accommoda- 
tion is @ property of normal nerve. It has been shown for both frog nerve 
(Liesse, 1938) and mammalian nerve (Rosenblueth, 1940) that the accommoda- 
tion may be increased by an anaesthetic or by interfering with the normal 
blood supply. Parrack (1940) even claimed that accommodation does not 
occur in frog nerve when its circulation is intact, and Lorente de Né (1947) 
found that when excised frog nerves were kept in 5% CO, they ceased to 
accommodate. On the other hand, human motor and sensory nerves stimulated 
through the skin accommodate in the same way as excised nerves (Solandt, 
1936; Kugelberg, 1944), but these experiments can be criticized on other 
grounds. The measurement of the accommodation of a nerve with externally 
applied currents may be affected by the polarization of connective tissue 
sheaths around the nerve (Bishop, Erlanger & Gasser, 1926; Rashbass & 
Rushton, 1949); however, slow accommodation has been seen frequently in 
nerves with intact sheaths (e.g. Parrack, 1940; Skoglund, 1942; Lorente de Né, 
1947). It seems unlikely, therefore, that such polarization would distort 
measurements on a rapidly accommodating nerve, provided that the current 
source impedance and the longitudinal resistance outside the nerve sheath 
are not much less than those existing in the experiments quoted. It seems 
probable that accommodation is truly a physiological property of nerve fibres, 
but it is not easy to be certain that any measurements of it are normal. 

Most previous measurements of accommodation have been made on multi- 


- fibre preparations, in which it is usually hard to deduce the behaviour of — 


individual fibres. Also it is difficult to study rapid accommodation, since an 
increase in stimulus strength may excite repetitive discharge from slowly 
accommodating axons. Tasaki (1949, 1950) and Tasaki & Sakaguchi (1950), 


|] working on single, isolated toad fibres, have shown that the threshold for 


excitation is constant for all stimuli increasing at more than the critical rate. 
This important finding seems at variance with Hill’s (1936) hypothesis about 
the time course of the accommodative process. But our experiments have 
enabled us to confirm Tasaki’s results on single mammalian nerve fibres, which 
are in their normal environment with an intact circulation. 


METHODS 


Pacinian corpuscle preparation. In cata the mesentery surrounding » single Pacinian corpusce 
was dissected away, leaving ® pedicle containing the nerve and blood supply intact (Fig. 1). The 
corpuscle was mounted on a Perspex block holding stimulating elect (aand b in Fig. 1); another 
electrode was sometimes placed half way down the pedicle (c in Fig. 1) (see Gray & Malcolm, 1950, 
fig. 3). The appropriate mesenteric nerve was dissected out, cut centrally and placed on electrodes 
(e and f in Fig. 1); in some experiments the outer connective tissue sheath was stripped. An earthed 
plate (@ in Fig. 1) was placed under the preparation. Action potentials were recorded from 
the mesenteric nerve, and electrical stimuli applied across the pedicle; in two experiments the 
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stimulating and recording electrodes were reversed for some observations. The axon supplying the 
Pacinian corpuscle was usually the only large nerve fibre running in the pedicle; but it was always 
certain that the axon studied did supply the Pacinian corpuscle, as stimulation of one made the 
other refractory. The preparation has been described in full by Gray & Malcolm (1950). Most cats 
were anaesthetized with chloralose, 100 mg./kg., but in three the cervical cord was divided and the 
brain destroyed under ether anaesthesia. Several hours were allowed for the ether to be removed 
before observations were made, In all experiments the preparation was covered with liquid paraffin. 
In a few experiments, only the mesenteric nerve was dissected out, the corpuscle and its axon 
nearby being stimulated in the mesentery without any dissection at all. 

Recording. In all experiments action potentials have been recorded through platinum wire 
electrodes and cathode followers, amplified and displayed upon one beam of a double-beam 
cathode-ray oscillograph. The other beam was used for monitoring the stimuli. 


Intestine 


with Pacinian 
corpuscles 


Fig. 1. Diagram of single mesenteric Pacinian corpuscle preparation. For labelling 
electrodes see text. 


_ Electrical stimuli, These were normally provided from a high impedance source through platinum 

electrodes. The arrangement of the stimulating electrodes was varied from time to time. The most 
usual arrangement was for a or b (Fig. 1) to be the cathode, and d the anode, but sometimes c was 
the cathode with a or b as anode, and sometimes e was the cathode and f the anode. The form of 
every stimulus, in terms of current strength, was recorded by applying the potential developed | 
across @ resistance in series with the preparation to the second beam of the oscillograph. Since 
every stimulus was recorded, there was no risk of electrode polarization distorting the results. 
For testing excitability in the summation experiments shocks from a low impedance source were 
used and these were monitored by recording the potential across the stimulating electrodes. 
Mechanical stimuli were applied with the crystal stimulator described and illustrated by Gray 
& Malcolm (1951). It consists of a piezo-electric crystal with a rod attached to one corner. 
A potential applied to the crystal causes it to bend and press the rod on to the corpuscle, thereby 
exciting it. The voltage across the crystal was recorded on the second beam of the oscillograph, 
and when desired the movement could be recorded with an optical system. 
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RESULTS 


increasing electrical currents 


The accommodation of the single axons supplying Pacinian corpuscles was 
measured by recording their threshold for various rates of increase of current. 
The currents used as stimuli increased linearly for a set time and then remained 
at a steady level. The time of rise was set to a number of values in turn, and 
the threshold at each was found by altering the stimulus strength. As we were 
primarily interested in the rate of increase of current, the final size of stimulus 
in rheobases was plotted against the rate of rise in rheobases/msec. Such a plot 


| 


10F 


xX 


Fig. 2. Final stimulus strengths required for excitation, with linearly increasing stimuli. Abscissa: 
rate of increase of stimulus, rheobases per msec. Ordinate: final stimulus strength, rheobases. 
(Note: at the critical slope this may be greater than the threshold.) @ — @, mechanical 
stimulation of a Pacinian corpuscle; x — x, electrical stimulation of axon to same corpuscle. 

is shown in Fig. 2, in which there is a critical slope of rate of. increase of current 
of 0-2 rheobase/msec. below which stimulation does not occur. With long rising 
times, the rate of current increase at threshold is the critical value, and the 
final stimulus strength may be large compared with the rheobase; under these 
circumstances an impulse can be excited before the final current strength is 
reached. We have, however, consistently plotted the final stimulus strength 
for each rising time. 

We have not seen any change in the critical slope or breakdown of accom- 
modation (Bernhard e al. 1942), either in our normal range of stimulus 
strengths up to 15 rheobases, or when on one occasion the stimulus was 
increased. to 200 rheobases. 

The values of critical slope dhteined from a number of Pacinian corpuscle 
axons are given in Table 1. They have a mean of 0-38 rheobase/msec. The 
table includes two experiments (16 and 17) on spinal cats, in which the 
corpuscle and its nerve were left undissected. A platinum wire cathode was 
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placed on the mesentery over the nerve near the corpuscle, while the earthed 
plate acted as anode, In one of these, adding 5% CO, to the inspired air and 
changing the liquid paraffin to some through which CO, had been bubbled 
did not change the critical slope. In another experiment (15) the same 
stimulating technique was used in an animal under chloralose. In the spinal 
_ preparations care was taken that the animals were well ventilated, and in all 
preparations the mesentery was of a good colour and pulsation of the vessels 
visible. The results of Exps. 15-17 fit well with the remainder, and it therefore 
seems improbable that the results can have been distorted by tissue damage, 
abnormal respiration, poor blood supply, or anaesthetic. 
The accommodation, as shown by the critical slope, appears to be constant 
over the stretch of axon between the root of the mesentery and its entry into 
the corpuscle. For when various electrode arrangements upon the pedicle were 
used, or when the stimulating and recording electrodes were reversed, no 
significant changes in critical slope were found (see Methods). 


TaBLE 1. Values of critical slope for Pacinian corpuscles (rheobases/msec. ) 


8 0-74 0-35 
10 1-1 
ll 1-7 0-68 
12 21 0-38 
13 0:30 
14 0-37 0-46 
15 0-25 
16 _ 0-31 
17 0-95 0-28 

Mean 1-2 0:38 
8.D. 0-6 0-12 


Adaptation of the Pacinian corpuscle to linearly increasing mechanical 
_ deformations 
A similar method was used to measure the adaptation of the corpuscle to 
linearly increasing mechanical stimuli. The duration of the movement of the 
stimulator was fixed and the final displacement increased till it was just 
sufficient to excite an action potential. This final stimulus strength was 
expressed in rheobases, that is, in multiples of the threshold displacement for 
a rapidly rising, long duration stimulus. Plotting final stimulus strength in 
theobases against rate of increase of displacement in rheobases/msec. gave 
curves of the same form as, and analogous to, those obtained for electrical 
stimulation of the axon (Fig. 2). Again a critical slope of rate of increase of 
stimulus is found and in this case it is a minimum velocity, below which an 


of this are given in Table 1 and average 1-2 rheobase/msec., a — of 
about 1 y./msec. 


action potential is not excited, however great the final displacement. Values . 
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Stimuli of up to eighty times rheobase have been used without finding any 
large change of critical slope. But in most experiments the critical slope 
appeared to become greater when the final displacement was greater than 
eight to ten times rheobase. This can be seen in the top points of Fig. 2. In 
this and other experiments the effect increased continuously with larger 
stimulus strengths. No explanation has been found for this, but it was probably 
not dueto non-linearity of the applied stimulus. However, consistent results were 
obtained when the final stimulus strength was not too great, and these values 
were the lowest that could excite and are thus, by definition, the critical slope. 


Comparison of adaptation and accommodation 
As the adaptation of the corpuscle and the accommodation of the nerve can 


_be expressed in the same manner, they may be compared directly i in terms of 


their critical slopes. In five experiments comparable groups of observations 
were made alternately on the corpuscle and its axon. Each group started with 
a measurement of the threshold to a long rectangular stimulus (rheobase), 
contained two or three observations with different rising times and ended with 
a second determination of the rheobase. The complete set of observations was 
randomized amongst several groups. Though variations in rheobase during an 
experiment were always small for both the corpuscle and the axon, the final 


results were calculated with the mean rheobase for each group. It was always 
_ certain that the axon did supply the corpuscle, as stimulation of the one made 


the other refractory. 

_ The paired values of critical slope are given in Table 1. In four of the five 
experiments the critical slope for the corpuscle is two to five times greater 
than that for the axon. In one experiment (14) the critical slope for the axon 
is slightly, but significantly (0-05 > P > 0-01) greater than that for the corpuscle. 
Exp. 17, which was on a spinal animal without dissection of the corpuscle, is 
in line with the others. 

The results from all the experiments, paired and unpaired, show that the 
mean critical slope for the corpuscles is significantly greater than that for 
the axons. The mean critical slope for the corpuscles is 1-2 rheobases/msec., 
compared with 0-38 rheobases/msec. for the axons. The variability of the 
results from the corpuscles is greater than that of the results from the axons, 
both in the observations of an individual experiment and as between experi- 
ments. This is shown in the standard deviations which are respectively 0-6 and 
0-12 rheobases/msec. and the coefficients of variation of 55 and 32%. _ 

Thus the general result is that, as judged by critical slopes, the adaptation 
of Pacinian corpuscles is more rapid than the accommodation of the axons 


supplying them, and this general result has been found in every individual 


experiment with the exception of one. However, in this small series, there is no 
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correlation between the individual figures for axon and corpuscle in the paired : 
experiments (r= 0-30, P>0-1). 


Repetitive discharge 

The short repetitive discharges found during maintained stimulation of | 
either the corpuscle or the axon have been considered previously (Gray & : 
Malcolm, 1950). Some further observations have been made and these are ff 


Fig. 3. Repetitive dischargefrom a Pacinian corpuscle during a maintained mechanical stimulus. 
Top (at left) beam, stimulus strength =90 x threshold. Bottom beam, action potentials. The 
small spikes are a 300 eyc./sec. time mark. 


TABLE 2, Repetition to maintained rectangular stimuli 


Stimulation of corpuscle Stimulation of axon 
| Threshold for Maximum Maximum Thresholdfor Maximum Maximum 
2nd impulse stimulus no. of 2nd impulse stimulus no. of 
no, (rheobases) (rheobases) impulses (rheobases) (rheobases) impulses — 
1 6°75 10-5 3 
3 — 3 
4 3:7 30 5 — 
6 — 35 l 
7 12 30 1 
9 8-5 114 4 — 
ll 140 1 5 1 
12 71 92 4 10 10 2 
17 > 100 1 48 4:8 2 


wily 


Some figures are reprinted from Gray & Malcolm (1950) by permission of the Royal Society. 


given in Table 2, and illustrated in Fig. 3. For convenience, the earlier results ‘ 
are included in the same table. The maximum values of the electrical stimuli 
are limited by the occurrence of block. - | [ 

These results show that, even when the stimulus is many times threshold, 
the discharge is of a few action potentials only, and that the. strength of 
stimulus required to excite two action potentials is several times the threshold 
for a single action potential. These are both signs of rapid adaptation or 
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accommodation, and again show that the corpuscle adapte rapidly and is 
supplied by a rapidly accommodating nerve. 

These results are independent of anaesthetic and the state of respiration. 
Exp. 3 was on.a decerebrate cat, and Exps. 9 and 17 on spinal cats. In Exp. 9 
the animal was first over-breathed and then given 5% CO, in oxygen at the 
normal rate of respiration; the maximum number of action potentials remained 


the same throughout. 


Fig. 4. Change of threshold. after a subthreshold, rectangular stimulus of infinite duration. 
Ordinate: 100 Se- Fs, where S, =threshold to test shock alone and S; =threshold to test shock 

at time ¢. Abscissa: time (msec.). @— @, mechanical conditioning stimulus, 76% of 
threshold, to corpuscle, test pulse 0-37 msec. duration. x — x, constant current condi- 


tioning stimulus, 88 % threshold to axon, electrode b cathode, d anode, test shock 0-02 msec. 
duration applied between electrodes a and b. 


| Summation 

In nerve, accommodation to linearly increasing currents is associated with the 
fall of excitability during a maintained subthreshold current. After making a 
number of assumptions, Hill (1936) has related these properties mathematically. 

Two experiments have, therefore, been carried out to see whether rapid 
accommodation also occurs to maintained subthreshold stimuli, both to the 
corpuscle and to the axon. Fig. 4 is from one of these. The excitability during 
the maintained stimulus was tested with short stimuli, mechanical for the 
corpuscle, electrical for the axon, and the contribution to threshold of the 
conditioning stimulus found as a percentage of threshold. This contribution 
was plotted against time. In both the corpuscle and the axon the lowering of 
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the threshold to the test shock produced by the maintained stimulus lasted for 
only a few msec. after its beginning. This is yet another indication of rapid 
adjustment to the stimulus, Thus, this agrees qualitatively with the large 
critical slopes required to stimulate, and the little repetition seen for both the 
corpuscle and the axon. | 


DISCUSSION 


Three results emerge from these experiments. First, the Pacinian corpuscles — 


_ adapt rapidly and are supplied by rapidly accommodating axons. Secondly, 
the adaptation of the corpuscle to mechanical stimulation is more rapid than 
the accommodation of its axon to electrical stimulation. Thirdly, a single axon 
with its circulation intact can accommodate rapidly. 

Since accommodation may be increased under abnormal conditions and, as 
most figures given indicate slower accommodation than do ours, we have been 
all the more careful to control our conditions. We do not believe that anaes- 
thesia, abnormal respiration, poor blood supply, or tissue damage can be held 
responsible for the rapid accommodation we have observed. Nor do we think 
the results have been distorted by the effect of polarizable connective tissue 
sheaths, since the accommodation was the same whether the axon was running 
in the mesenteric nerve or in the corpuscle pedicle; yet the connective tissue 
sheaths in these two places must have differed, as did the size of the electrical 
shunts outside the sheath. Also nerve sheaths have been intact in experiments 
describing much slower accommodation (e.g. Parrack, 1940; Skoglund, 1942; 
Lorente de N6, 1947), so their effect cannot be great when the stimulating 
conditions are similar to those described by these authors. Nor is section of 
the nerve at its central end likely to be a cause of rapid accommodation, as 
slow accommodation has been seen in mammalian nerve under this condition 
(e.g. Skoglund, 1942). One point in which our preparation differs from many 
of the others used for experiments on accommodation is that it deals with one 
axon only. When fibre bundles are used and either the half-size action potential 
or the most sensitive action potential taken as the index, only the most slowly 
accommodating responses in the bundle will be recorded. From the evidence at 
present available, it does appear that in the normal state there is a genuine 
and wide variation in nerve accommodation. 

The mean critical slope, recorded with mechanical: stimulation, for the 
corpuscles is about twenty times greater than that found by Gray & Malcolm 
(1951) in similar experiments on the touch receptors in frog’s skin; yet the 
latter are also rapidly adapting, giving a discharge of only a few action 
potentials to large stimuli (Adrian, Cattell & Hoagland, 1931). The axons 
supplying Pacinian corpuscles also accommodate more rapidly than other 
axons on which measurements of accommodation have been made (for 
references, see Skoglund, 1942). Also other sensory endings give repetitive 
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responses more readily than the Pacinian corpuscle, and other nerves respond 
to constant currents with more impulses than do the axons supplying Pacinian 
corpuscles. There is, therefore, a striking similarity between the adaptation of 
the Pacinian corpuscle and the accommodation of its nerve, and it is likely 
that such a relation is of functional significance, even though, in this small 
series, there was no correlation between the paired observations of critical 
slopes for corpuscles and axons. 

Such a similarity might be expected if the capsule of the corpuscle acted 
solely as a means of applying the mechanical deformation to the axon, as was 
held by Gray & Malcolm (1950). In this case sensory adaptation would be the 
‘accommodation’ of the axon to a mechanical stimulus, and might be governed 
by the same axon properties as govern accommodation to electrical stimuli. 
Then adaptation and accommodation would probably be qualitatively similar 
and quantitatively of the same order of magnitude, which is what we have 
found. — 

The difference between the values of critical slope found for the axons and 
for the corpuscles does not exclude axon aceommodation from being a principal 
factor in sense-ending adaptation. It could be caused by mechanical effects. 
With relatively slow movements of the stimulator, the corpuscle may tend to 
be pushed aside instead of being deformed, or alternatively, the mechanical 
properties of the corpuscle might make it more effective in transmitting rapid 
than in transmitting slow deformations to the axon inside. The differences 
might also be due to the accommodation of the axon being different in its 
terminal non-myelinated portion. The axon loses its myelin sheath about half 
way up the corpuscle, that is, approximately 4mm. from its end (Glees, 
Mohiuddin & Smith, 1949), and this terminal portion is likely to be important 
in determining accommodation, though Gray & Malcolm (1950) suggested that 
the propagated impulse might be initiated away from the end of the axon. 
There is, however, a fact which suggests that the non-myelinated portion may 
not differ from the rest of the axon: occasionally an axon passes through one 
corpuscle, regains its sheath, and then supplies another (Sheehan, 1933). 

Another explanation of these differences in the measured critical slopes is 
suggested by some recent results obtained by Katz (1950) working on the frog’s 
muscle spindle. He obtained records of potential changes at the ending, which 
show that the amplitude of the initial phase is dependent on the rate of increase 
of the stimulus. If, as seems likely, this local potential can be regarded as the 

‘stimulus applied to the axon’ and similar potentials occur in the Pacinian 
corpuscle (Gray & Malcolm, 1950), then one would expect results such as we 
have obtained. 

However, it is the similarity and not the difference between adaptation and 
accommodation that appears important. This similarity for one sense organ, 
the Pacinian corpuscle, and its axon does not show that adaptation is related 
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to accommodation, but some connexion does seem probable. It remains to be 
seen whether other sense organs and their nerves also behave alike. 


SUMMARY 


1. Linearly increasing currents have been used to measure the accommoda- 
tion of the single axons to Pacinian corpuscles in the cat’s mesentery. The 
axons have had their circulation left intact. The mean critical slope was 0-38, 
s.D. 0:12 rheobase/msec. 

2. Linearly increasing mechanical stimuli have been applied to single 
Pacinian corpuscles in the cat’s mesentery, and the critical slope found. The 
mean value was 1-2, s.D. 0-6 rheobase/msec. Five of these experiments were 


used for direct comparisons with the accommodation to electrical stimuli of — 


their own axons. In four, the adaptation of the corpuscle was significantly 
faster than the accommodation of the nerve. 
3. Long, rectangular stimuli, to either the corpuscle or the nerve, excite 
only a short repetitive discharge. 
4, The excitability during long, subthreshold stimuli has been tested with 
short concurrent stimuli. In both the nerve and the corpuscle the excitability 
returned to normal in a few milliseconds. : 
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THE EFFECT OF EMOTION AND OF B-TETRA- 
 HYDRONAPHTHYLAMINE ON THE ADRENAL 
* CORTEX OF THE RAT 


By MARTHE VOGT 
From the Department of Pharmacology, University of Edinburgh 
(Received 1 February 1951) 


Many conditions of stress cause an accelerated secretion from the adrenal 
cortex as well as from the adrenal medulla. The fact that injections of adrenaline 
increase cortical secretion (Vogt, 1944; Long & Fry, 1945) poses the question 
whether the enhanced cortical activity in stress is merely a result of the 
medullary activity. However, the response of the adrenal cortex to a cold or 
hot environment, to haemorrhage, and to injections of histamine or insulin, 
persists in animals in which adrenaline secretion is prevented by denervation 


a or demedullation of the adrenals (Vogt, 1947; Gordon, 1950; Gershberg, Fry, 


Brobeck & Long, 1950; Vogt, 1951). These observations do not imply that 
release of adrenaline during stress does not contribute to the acceleration of 
cortical secretion, but they show that such a release is not essential to the 
cortical response. The present paper deals with two conditions in which the 
role of adrenaline might have been expected to be more important than in 
the type of stress hitherto examined, namely, emotional stress and the injection 
of 8-tetrahydronaphthylamine (‘8-Tetra’). Emotional stress in the rat has also 
recently been investigated by Gershberg e¢ al. (1950). Their results will be 
reviewed in the discussion. 8-Tetra was shown by Elhott (1912) to cause 
a serious depletion of adrenaline from the adrenal medulla. This depletion was 
believed to be the result of the central excitation produced by the drug. 

In the present experiments, enhanced cortical activity is detected by a fall 
in adrenal ascorbic acid concentration. Such a fall accompanies any type of 


_ stress and is considered to be caused by the release of adreno-corticotrophic 


hormone (ACTH), since it disappears after ia caren (Sayers, Sayers, 
Liang & Long, 1945; Sayers & Sayers, 1947). 


METHODS 


| Adult male Wistar rats of about 200 g. initial weight were used, twenty-four rats as controls and 


thirty-five rats after removal of one adrenal and demedullation &f the other. The operative 
technique is described in a previous paper (Vogt, 1951). The 6-Tetra (B.D.H.) was given sub- 


_ cutaneously in a dose of 60 mg. of the carbonate per kg. body weight. It was dissolved in 0-9% 
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NaCl containing a few drops of 3x-HCI; a brown residue was filtered off and the filtrate neutralized 
with solid NaHCO,. The adrenals were examined 2 hr. after the injection of the drug. 

‘Emotion’ was caused by taking the rectal temperature of rats to which this procedure was new. 
A small, well-lubricated thermometer was introduced into the rectum three times in the course of 
20 min, and kept there for 1 min. The animals were handled gently and neither squeaked nor 
attempted to bite as they would have done if hart. They tried, however, to escape from the loose 
grip of the hand which was holding them on the table. The animals were killed by a blow on the 
head 1 hr. after the last handling. The rats submitted to emotional stress or to injections of B-Tetra 
were compared with controls killed 2 hr. after an injection of 0-5 ml. 0-9 % NaCl. 

The ascorbic acid was estimated by the method of Roe & Kuether (1943) on trichloroacetic 
extracts of the freshly excised adrenal glands. 


RESULTS 


Emotion. As shown in Table 1, normal rats submitted for the first time to — 


measurements of rectal temperature respond to this unaccustomed procedure 
by a fall of adrenal ascorbic acid to 60 % of the control value. The fact that 
this response is entirely due to the excitement over an unusual event is shown 
by the result of an experiment carried out on rats in which the temperature 
was measured in precisely the same way for 6 consecutive days and the rats 
killed after the last measurement: the ascorbic acid remained unaffected in 
the ‘trained’ rats (Table 1). The stimulus employed was thus a reaction to 
a new and strange situation, and might well be assumed to be caused by the 
release of adrenaline (this term is used throughout this paper for the secretion 
of the adrenal medulla, to avoid the cumbersome ‘adrenaline plus nor- 
adrenaline’). 
Taste 1. Ascorbic acid in normal and demedullated adrenal glands of rats subjected to 


various treatments 
| Adrenals 
Normal Demedullated 
No.of Ascorbic Per- No. of Ascorbic P Days after 

Treatment rats acid* cen acid* po 
09% NaCl injected 6 422 + 22-2 100 14 36384162 100 34—35 
Untrained rats, rectal 6 255 + 19-2 60 13 «©2963 + 13:3 82 36 
Trained rats, rectal 6 418 +25-4 99 — —, — _— 

temperature taken 

60 mg./kg. ti gy 6 187+ 85 44 8 228 +175 63 37 


* Mg./100 g. fresh tissue, mean and standard error of mean. 
t Ascorbic acid. as percentage of the control values in row 1. : 
+ The probability that the difference between these two means is due to chance is <001. . 


This assumption was tested on unilaterally adrenalectomized rats in which 
the remaining adrenal had been demedullated. Five weeks after the operation, 
the adrenal ascorbic acid level of such rats killed in the resting state was just 
significantly lower (P< 0-05) than that of normal rats (first row of Table 1). 
This lower figure has to serve as a baseline for any depletion by ‘stress’. 
A group of thirteen demedullated rats, none of which had experienced measure- 
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ments of rectal temperature before, was submitted to this procedure, with the 
result of a small, but significant (P < 0-01) fall in ascorbic acid content to 82°, 
of the control figure. Compared with the normal animals, this represented 
a diminished response, but a response which was effected through means other 
than the secretion of adrenaline from the adrenal medulla. 

B-Tetrahydronaphthylamine. Two hours after a subcutaneous injection of this 
drug into normal rats, there was a fall in the ascorbic acid content of the 
adrenals to 44% of the initial value. The animals showed dilatation of the pupils, 
tremors and jerky movements, salivation and a fall in body temperature. This 
difference from most other mammals raised some doubt as to the purity of the 
product, and some of it was therefore injected into a rabbit in order to see 
whether the usual rise in temperature would result. As the rabbit reacted with 
a@ rise in temperature, there could be little doubt that the temperature of the 
rats was lowered by the f-Tetra itself. Glaubach & Pick (1930) have shown 
that guinea-pigs react to B-Tetra (30 mg./kg.) by a fall in body temperature. 

When f-Tetra was injected into eight demedullated rats, the signs exhibited 
by these animals were the same as those seen in normal rats, with the exception 
that in three rats the rectal temperature did not fall. The adrenal ascorbic acid 
decreased to 228 mg./100 g. cortical tissue or 63 % of the value for demedullated 
controls. This percentage fall is smaller than in normal rats. Nevertheless, it 
probably represents as low an absolute concentration as the figure of 187 mg. 
found in normal rats, because for demedullated adrenals the concentration is 
expressed per g. of cortex only, and for normal glands per g. of total adrenal 
tissue. Since there is little ascorbic acid in the medulla (Giroud & Leblond, 
1934), equal amounts in the cortices are represented by a lower overall per- 
centage in normal than in demedullated glands. Except under extreme, 
usually fatal, conditions, the smallest ascorbic acid concentration observed 
2 hr. after any ‘stress’ is of the order obtained with 8-Tetra. The conclusion is 
that large effects are obtained 2 hr. after injection of the drug in rats with 
normal and demedullated adrenals alike. 


DISCUSSION 


A fall in adrenal ascorbic acid is obtained 1 hr. after an emotional stimulus and 
2 hr. after an injection of 8-Tetra in rats with normal or with demedullated 
adrenals, The response to emotion is reduced by demedullation. With B-Tetra 
the responses before and after operation are indistinguishable and possibly 
maximal. Thus in neither of these types of ‘stress’ is the secretion by the 
adrenal medulla essential for the release of ACTH which is causing the ascorbic 
acid depletion. With regard to the action of B-Tetra, the clinical signs, usually 
including a fall in rectal temperature, persisted in the absence of the adrenal 
medulla. This indicates a severe, probably diencephalic, disturbance which 
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may, either directly or through metabolic changes, account for the secretion 
of ACTH. Emotional stimuli, however, might have been expected to depend 
entirely on the release of adrenaline for the production of physical effects. This 
is undoubtedly so for some emotional stimuli such as a single subcutaneous 
injection of 0-9% NaCl. This causes, in normal rats, a depression of the 
ascorbic acid concentration by no more than 15% (Vogt, 1951), and this effect 
is not found in the demedullated rat (Vogt, unpubl.) The medulla, however, 
is not solely responsible for the cortical response to an emotion which causes, 
perhaps because of its repetition, large changes in the normal adrenal. The 
first question to consider is, therefore, whether, in the absence of the adrenal 
medulla, enough adrenaline or ‘sympathin’ may enter the general circulation 
during emotion to account for a release of ACTH. The smallest quantity of 
adrenaline which will deplete rat adrenals of their ascorbic acid is known to be 
20 wg./kg. infused intravenously in the course of 1 hr. (Gershberg e¢ al. 1950). 
Small though this quantity is, the resulting adrenaline concentrations in the 
blood may be high compared with those produced by the escape of emotionally 
released ‘sympathin’ which finds its way into the general circulation; as long, 
however, as accurate figures for that concentration are lacking, the possibility 
that sympathin may be responsible for the fall in adrenal ascorbic acid con- 
centration cannot be ruled out. One factor is not in favour of this interpretation. 
‘Sympathin’ contains a varying and often high percentage of noradrenaline. 
L-Noradrenaline has only one-third or less of the activity of L-adrenaline on rats’ 
adrenal ascorbic acid (Nasmyth, 1949; Jarrett, 1951). Similarly, intravenous 
noradrenaline has very little effect on cortical secretion in the dog, measured by 
direct assay of hormone in the adrenal venous blood (Vogt, unpubl.) It would 
thus appear unlikely that the emotional release of ACTH after demedullation 
is effected entirely by circulating sympathin, and probable that another 
mechanism, possibly central in origin, isinvolved. This mechanism, might be the 
one postulated by Colfer, de Groot & Harris (1950) in the rabbit subjected to 
emotional stress. In these animals secretion of ACTH, measured by a lympho- 
penia, occurs after an emotional stimulus whether or not the adrenals have 
been denervated. In this species the intravenous administration of adrenaline 
is not a very powerful activator of the anterior lobe, at least so far as can be 
judged from the single intravenous injections used by the authors: the more 
efficacious intravenous infusions were not tried. De Groot & Harris (1950) 
were able to abolish the response to emotion by certain hypothalamic lesions, 
and electrical stimulation of the same sites produced a lymphopenia which was 
similar in its size and course to that following emotion. It is not improbable 
that the same mechanism exists in the rat and accounts for the persistence, 
after demedullation, of some emotional release of ACTH. 

Results which differ in some respects from those presented here have just 
been published by Gershberg et al. (1950) and by McDermott, Fry, Brobeck & 
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Long (1950). These authors applied emotional stimuli to rats which had been 
subjected to adrenal demedullation or to section of the cord at the third thoracic 
vertebra in order to sever the efferent pathway to the adrenal medulla. Release 
of ACTH was assessed either by adrenal ascorbic acid concentration or by 
eosinophil counts. In the demedullated rats, the stress was a prolonged 
electrical stimulation of the central end of one sciatic nerve. No fall in adrenal 
ascorbic acid was seen after the stimulation. Yet the discrepancy between this 
observation and the results presented in Table 1 may only be apparent: the 
_ascorbic acid concentration in the adrenals of the control rats in the experi- 
ments by Gershberg et al. (1950) was so low (237 mg./100 g.) that it would have 
been surprising if any but the more drastic type of stress could have further 
depressed it. In the experiments of Table 1 the initial ascorbic acid concentra- 
tion in the adrenals of the demedullated rats was high (360 mg./100 g.). In spite 
of this, the depletion caused by the emotional stress amounted to no more than 
18%, and would not have been detected under less favourable conditions. 

In the paper by McDermott et al. (1950), a subcutaneous injection of hyper- 
tonic saline was used as emotional stress, the response measured was a fall in 
blood eosinophils, and the elimination of medullary secretion was achieved by 
transection of the thoracic cord. No response to the emotional stimulus was 
obtained in the spinal rats. The conditions of this type of experiment are too 
different from those described in the present paper to suggest one particular 
reason for the contradictory results, but the type of stimulus employed is not 
unlikely to be responsible for the difference encountered. 

In view of the importance of the time factor in all responses of the adrenal 
cortex to stress, a point which was re-emphasized by Gershberg et al. (1950), it 
is of interest to note that the fall in adrenal ascorbic acid which persists after 
elimination of the adrenal medulla in rats experiencing emotion, is not delayed 
but can be demonstrated 1 hr. after the end and 1 hr. 20 min. after the beginning 
of the stimulus. Therefore, whatever its mechanism, it does not belong to what 
McDermott e¢ al. (1950) have termed the slow ‘metabolic’ phase of the 


response. 
SUMMARY 


1. An unaccustomed situation, represented by measurements of the rectal 
temperature in ‘untrained’ normal rats, caused, within the course of an hour, 
a fall in adrenal ascorbic acid to 60% of the original concentration. 

2. The same emotional stimulus, if repeated after training the rats for 
6 consecutive days, entirely lost its effect on the adrenal cortex. 

3. Untrained rats were submitted to measurements of their rectal tempera- 
ture 5 weeks after removal of one adrenal and demedullation of the other. 
They showed a small but significant fall in adrenal ascorbic acid at the same 


time as the larger fall was observed in normal rats. Thus the secretion from 
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the adrenal medulla is an important, but not the only cause for the adreno- 


cortical response to emotion. 

4. The subcutaneous injection of 60 mg./kg. of f-tetrahydronaphthylamine 
into normal rats is followed, 2 hr. later, by a large depletion of the ascorbic 
acid content of the adrenals. Rats, unlike most mammals, react to the drug 


by a fall in rectal temperature. 
5. The response of the adrenal cortex to injections of ‘f-Tetra’ is not 
appreciably diminished by demedullation of the adrenals. 


My thanks are due to the Medical Research Council, who defrayed part of the expenses of this _ 
work, 
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Note added in the proof 


_ Since the preparation of this paper, Gordon (1950, Endocrinology, 47, 347) has demonstrated 
that the scalding or fracture of a leg in the rat causes a greater fall in adrenal ascorbic acid if the 
traumatized leg is innervated than if its nerves have been cut; this is true irrespective of whether 
the adrenals have been demedullated or not. Pain, therefore, just as ‘emotion’ in the above 
experiments, does not release ACTH exclusively through stimulation of the adrenal medulla. 
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THE LOCALIZATION AND ANALYSIS OF THE RESPONSES 

TO VIBRATION FROM THE ISOLATED ELASMOBRANCH 

LABYRINTH. A CONTRIBUTION TO THE PROBLEM OF 
THE EVOLUTION OF HEARING IN VERTEBRATES 


By 0. LOWENSTEIN anp T. D. M. ROBERTS* 
From the Zoology Department of the University, Glasgow 
(Received 1 February 1951) 


In a recent paper in this Journal (Lowenstein & Roberts, 1950) we described 
experiments in which we recorded oscillographically the gravity responses 
from the otolith organs of the isolated labyrinth of the ray (Raja clavata). 
It was found that all the three otolith organs, viz. the utriculus, sacculus 
and lagena, show clear responses to gravitational stimuli. This result was 
somewhat surprising in the light of the fact that in a number of bony fish, 
especially among the Ostariophysii, the pars inferior of the labyrinth, com- 
prising the sacculus and lagena, has no detectable equilibrium function 
(Lowenstein, 1932). In these animals the pars inferior has been shown to be 
the seat of sound perception and pitch discrimination over a wide part of the 
sound spectrum (von Frisch & Stetter, 1932; von Frisch 1936; Wohlfahrt, 
1939, 1950; Dijkgraaf & Verheijen, 1950). In the absence of reliable experi- 
mental evidence for sound perception and its localization in the elasmobranchs 
it was of considerable interest to ascertain whether the participation of all 
three otolith organs in the perception of gravitational stimuli precludes these 
vestibular structures from functioning as vibration receptors. 

Using preparations of the isolated elasmobranch labyrinth, such as yielded 
the successful electrophysiological localization and analysis of gravity percep- 
tion, we have now studied the vestibular responses to vibrational stimulation in 
experiments to be described in the present paper. i 


METHODS 
A description of the operative procedure in the isolation of the labyrinth preparation, the exposure 
of the various sense endings and their nerve branches, and the setting up of the preparation 
for the testing and electrical recording of its responses has been given in our previous paper 
(Lowenstein & Roberts, 1950). 


* During the final stages of this work we enjoyed the resourceful collaboration of Dr A. J. H. 
Vendrik of the University of Utrecht Physics Department. His stay in this country was supported 
by a grant from the Help-Holland-Council. 
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It may be stated at the outeet that the isolation of the labyrinth preparation from its natural 
anatomical setting, and the fact that it has to be mounted on a solid base in air is bound to 
interfere, perhaps to the extent of total abolition, with any sound-conducting mechanism that 
may be in operation in the intact animal. In consequence, the threshold for vibrational stimulation 
will be greatly affected over wide ranges of the frequency spectrum. It is thus not surprising that 
airborne sound proved entirely ineffective. | 

All the results described below were obtained by the application of vibrational stimuli conducted 
to the preparation through the solid base on which it was mounted. As it was often necessary to 
supplement the vibrational stimuli by tilting tests for gravitational responses, a great number of 
the results were obtained with the preparations mounted on the tilting device described in 
the previous paper. In this case the vibrational stimulus was derived from the diaphragm of 
a telephone earpiece applied directly to the surface of the table to which the tilting device was 
clamped. The earphone was weighed down by a heavy block of lead fixed to its casing. It was 
energized from ‘a beat-frequency oscillator, capable of a 5 W. undistorted sine-wave output from 
10 cyc./sec. to 50,000 cyc./sec. In later experiments the usual preparation holder was fastened to 
a board which was suspended by wire from the roof of the screening cage. The telephone earpiece 
acting as the source of vibration was screwed diaph gm-downwards to the board by means of 
a screw soldered to the diaphragm. A second earphone was similarly fixed to the board in the 
immediate vicinity of the preparation holder. This could be connected to the amplifier system and 
served as a device for the approximate monitoring of the amplitude and harmonic distortion of 
the vibrational stimulus reaching the preparation. The complex nature of the conducting system, 
in both cases, did not allow a satisfactory assessment of stimulation intensities, and it became 
obvious that harmonics of great variety in frequency and strength were introduced. Consequently 
no attempt was made at a quantitative study of the stimulus-response relationships expressible _ 
in the form of audiograms, 


RESULTS 
Localization 

In a later section of this paper we shall define what we consider to constitute 
a vibration response and give examples of characteristic types of such responses 
obtained from the various vibration-sensitive areas of the labyrinth. It may 
be useful, however, first to give an account of the topographical distribution of 
vibration sensitivity. Fig. 1 shows a ventro-lateral view of the labyrinth and 
the distribution of the main branches of the eighth nerve. For electrical 
pick-up nerve twigs were separated from these branches in the immediate 
vicinity of their entry into the maculae. Thus the origin of the responses could 
be fairly accurately assessed. 

As the pars inferior was, on comparative physiological grounds, the most 
likely seat of vibration reception, we began our search by testing sacculus and 
lagena preparations. It was found that all the preparations definitely identified 
as derived from the macula lagenae showed a remarkable freedom from vibration 
sensitivity. Even the purely microphonic phenomena that can be recorded 
from many parts of the thin-walled vestibulum were generally completely 
absent from the lagena preparations, whose clear-cut gravitational responses 
to tilting have been previously described in detail. 

The nerve fan leading from the sacculus can be seen in Fig. 1 to consist of 
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a number of main branches, the final ramifications of which extend along the 
whole length of the ventro-lateral aspect of the sacculus macula. The gravity 
responses obtained from this macula were not uniformly spread over the whole 
of it, but were confined roughly to the posterior third of the nerve fan. When 
nerve twigs are taken from the extreme posterior end their responses are 
purely gravitational and are marked by an absence of microphonics, thus 
resembling the situation found in the lagena. The more anterior the origin of 


Post. vert. amp. 


Fig. 1. Ventro-lateral view of the left membranous labyrinth of the ray. Ant. vert. amp. = anterior 
vertical ampulla; Hor. amp. =horizontal ampulla; Lag. =lagena; Post. vert. amp. = posterior 
vertical ampulla; Ram. inf.=ramus inferior; Ram, sup. =ramus superior; Sacc. =sacculus; 
Utr. =utriculus; V-X =5th-10th cranial nerves. 


to interference by microphonic disturbances, until in the anterior two-thirds 
of the macula the action potential picture assumes all the aspects of a true 
vibration response uninfluenced by the spatial orientation of the preparation. 
The transition from one type of response to the other has no strikingly evident 
parallel in the structural features of the macula and its covering otolith, apart 
from the fact that the inner edge of the otolith appears to be more firmly 
lodged in the V-shaped trough formed by the sacculus wall at the posterior end 
than at its anterior end where the otolith has a greater freedom of movement. 
It is nevertheless, remarkable, that within the same macula covered by its 
massive, undivided otolith are found side by side the receptive mechanisms for 
the detection of changes in the direction of gravitational pull and those for the 
detection of the phasic displacements brought about by vibration. 

In the sacculus the macula is wholly covered by its otolith. This is not so in 
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the case of the macula of the utriculus. Here, only the central area, supplied by 
the main utricular nerve fan, is covered by the utriculus otolith and there is 
a posterior tongue-shaped extension of the macula towards the roof of the 
recessus utriculi which does not possess any otolithic covering structure. This 
unloaded part of the macula utriculi is known as the lacinia and is supplied by 
 @ separate nerve branch which can be seen to run posterior to the ramus 
ampullaris horizontalis which lies between it and the main utricular nerve fan 
(Fig. 2). 


Ram. sup. Vill 


Fig. 2. Postero-lateral view of the left utriculus of the ray, showing the lacinia utriculi and its 
innervation, Ant. vert. amp, = anterior vertical ampulla; Crus com. =crus commune; D. endo- 
lymph. =ductus endolymphaticus; Hor. amp.=horizontal ampulla; Hor. can. =horizontal 
canal; Ram. sup. VIII =ramus superior of eighth nerve; Utr. fan =main utricular nerve fan. 


_ The structural division of the utriculus macula into a loaded and an un- 
loaded portion was found to be of functional significance. On recording from the 
main utricular fan, gravity responses only are obtained, and such preparations 
are usually reasonably unmicrophonic. Twigs separated from a nerve branch 
innervating the lacinia, however, do not yield responses to positional changes. 
Their sense endings are highly sensitive to vibrational stimulation and yield 
characteristic impulse responses over the same range of frequencies as the 
sacculus organ. 
Vibration sensitivity in the elasmobranch labyrinth is thus not confined to 
the pars inferior. Its occurrence in the utriculus is of special interest in relation 
to the localization of sound perception in clupeids and other non-ostariophysean 
bony fish, where the participation of the pars superior in sound perception has 
been postulated on theoretical grounds (de Burlet, 1935; Wohlfahrt, 1936), 
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and recently demonstrated in conditioning and elimination experiments 
(Dijkgraaf, 1949). The complete absence of vibration responses from the 
elasmobranch lagena on the other hand is surprising, when one considers that 
the lagena appears to play an important part in the sound perception and 
pitch discrimination of the ostariophysean fish. 

Apart from the receptors in the sacculus macula and the lacinia utriculi we 
found yet another highly vibration-sensitive vestibular organ. It is the macula 


ra 


Fenest 


ve 


* 


Lagena Sacculus Macula neglecta 


Fig. 3. Inside view of the left membranous labyrinth of the ray, showing the position and in- 
nervation of the macula neglecta and the spatial relationship between the sacculus and the 
fenestra of Scarpa, and the ductus endolymphaticus. Ant. vert. can.=anterior vertical 
canal; D. endolymph.=ductus endolymphaticus; Hor. can.=horizontal canal; Post. vert. 
can. = posterior vertical canal; V + VII, VII[=5th + 7th and 8th cranial nerves. 


neglecta of hitherto unknown function. Its sensory epithelium is lodged in the 


'medio-dorsal aspect of the sacculus cavity immediately posterior to the opening 


of the tubular-connexion between the sacculus and the full-circle ring of the 
posterior semicircular canal. This remarkable organ, also sometimes called 
crista quarta, has no otolithic cover, but its sensory hairs are enveloped in 
a gelatinous secretion which in some elasmobranchs becomes fairly elaborate 
in shape (Vilstrup, personal communication). A long slender nerve connects 
the sensory epithelium of the macula neglecta with the ramus posterior of the 
eighth nerve. It consists of roughly a hundred nerve fibres of large diameter 
and is enclosed in a rather tough perineural sheath. As will be seen later, the 
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vibration responses from the macula neglecta differ from those obtained from 
the utriculus and the sacculus maculae, both in their extremely low threshold 
and in certain peculiarities in the impulse picture. Topographically the macula 
neglecta offers a point of greatest interest. Its position in the labyrinth places 
it in the immediate vicinity of a membrane which covers an oval perforation in 
the cartilaginous skull, first described by Scarpa (1789) as the “fenestra ovalis’ 
(Fig. 8). This, in conjunction with the external opening of the ductus endo- 
lymphaticus situated nearby, may well form part of a sound-conducting 
mechanism aiming at the sacculus in general and the macula neglecta in 
Access to the proximal part of the nerve is relatively easily gained by making 
a small opening in the cartilaginous wall of the braincase at the level of, but 
posterior to, the foramina of the 5th, 7th and 8th nerves. A considerable 
amount of perilymph can be drained off through this opening to free a sufficient 
stretch of nerve from the short-circuiting effect of the surrounding fluid. Owing 
to the fact that the nerve is enclosed in a tough sheath of perineurium, and as 
its delicate insertion in the membranous sacculus wall forbids the application 
of the slightest pull, it is practically impossible to subdivide this nerve. It has 
to be picked up as a whole and single fibre recordings are thus unobtainable. 


The nature of the vibration response 
Sacculus 

If in the sacculus a twig is picked up for recording from well within the 
anterior two-thirds of the macula it is safe to forecast that it will show no 
significant response to tilting. A resting discharge is often present which is 
uninfluenced by positional changes. Fig. 4, record 1, shows the effect of 
a vibrational stimulus with the beat-frequency oscillator giving a signal of 
85 cyc./sec. It will be seen that there is a striking increase in the discharge 
activity, which appears to be due partly to the speeding up of the firing rate of 
the two fibres represented in the resting discharge and partly to the recruitment 
of new entrants. Fig. 4, record 2, shows the response of the same preparation 
to intermittent stimulation at the same frequency with stimuli lasting } sec. 
repeated at 4 sec. intervals, Here, too, the initial burst and the levelling out 
can be clearly seen. In both cases the response is asynchronous, i.e. its fre- 
quency is entirely unrelated to the stimulus frequency. It is interesting to note 
that an off-effect appears in the form of a transitory depression of the resting 
discharge frequency after the termination of stimulation. 

Fig. 4, record 3, shows how tapping of the table can bring about discrete 
bursts of asynchronous potentials. The bursts occur at a frequency of 48 bursts 
per sec., @ rhythm which could well be in synchrony with the leading rhythm 
of the vibrating table. The discharge frequency during the bursts is in this 
case six to seven times higher than in the resting discharge. 
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To investigate the genesis of rhythmicity in the response a preparation 
consisting of two to three functional units was stimulated with a signal fre- 


Fig. 4. Records of vibration responses from the sacculus of the ray. Detailed explanation in the 
text. In records 1-7 inclusive, time marker at top of record: 24/sec.; in nos. 8a and 85: 50/sec. 
Nos. 4a and 46 are continuous; nos. 6a and 65 are parts of a single record with an interval 
of 7-5 sec. between a and b. Nos. 8a and 8b show one of the records of ‘post-stimulatory 
inhibition’ plotted in Fig. 5. There is an interval of 4-5 sec. between a and b. The marks in 
records 8a and 8b indicate the method of timing the impulses, which are marked with dots 
in the resting discharge at the beginning and with numbered dots after the cessation of the 
synchronized vibration response. 


quency between 20 and 30 cyc./sec. The intensity was increased during the 
stimulation in three discrete steps of 6 db. each (Fig 4, records 4a and 40). 
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It will be seen that the effect of rising stimulus intensity is the appearance of 
high summated spikes at 28 impulses/sec. (record 4a). At the highest intensity 
this rate is doubled (record 4b). At this low-frequency stimulation the response 
is thus rhythmical, and in this case consists of summated spike potentials. 

Fig. 4, record 5, shows the response from the same preparation to a stimulus 
of about 20 cyc./sec. with a running change of intensity brought about by 
a continuous sweep over the intensity range. Here again the response shows 
a rhythm synchronous with the signal, but this time the summated spikes 
appearing in the initial stages of the response are, at higher intensities, supple- 
mented by groups of discrete new entrants. This leads to the appearance of 
rhythmically recurring groups of spikes at a rate of 22 groups per sec. 

The recruitment of new entrants during stimulation with rising intensity is 
also illustrated by Fig. 4, records 6a and 60. The resting discharge is derived 
from a single unit firing at a rate of 24 impulses/sec. The first sign of a response 
to a stimulus of approx. 55 cyc./sec. is the interpolation of three unevenly 
spaced spike potentials of slightly greater amplitude (record 6a). These new 
entrants then establish themselves and become more evenly spaced at approxi- 
mately 25 impulses/sec. (end of record 6a). Meanwhile, the frequency of the 
resting discharge is unaffected and can be seen to beat with the new entrant, 
and this leads now and then to complete superposition. On further increase in 
stimulus intensity the frequency of the new entrant increases gradually and 
finally reaches approximately 50 impulses/sec. (record 6b). At the highest 
intensity reached, a second new entrant made its appearance speeding up 
quickly from 15 impulses/sec. and becoming almost synchronous with the 
first. We are thus dealing with a preparation composed of three units, of which 
one is unaffected by vibration, whereas two respond by an increase of discharge 
frequency to increased intensity of vibration. It is difficult to decide whether 
there is any significance in the fact that in both responding units the discharge 
frequency finally attained was near to the signal frequency. 

The most extreme example of synchronization between stimulus and response 
is shown in Fig, 4, record 7. This response was obtained from a preparation of 
the sacculus macula which did not show a resting discharge. It showed, 
however, good vestibular microphonics of moderate amplitude over a range 
between 60 and 100 cyc./sec. with a clear peak of sensitivity to a stimulus 
signal of 96 cyc./sec. approx. At this frequency the vestibular microphonics 
showed frequency doubling (i.e. 192 cyc./sec.). At first a spike potential 
coincides with every second crest of the microphonic wave, then the response 
adapts and more and more spikes are missed out. The general phase relationship 
between spike and wave is maintained. In view of the considerable amplitude 
of the potentials, it is very likely that they are derived from a number of 
simultaneously firing neuromasts. 

In the case of Fig. 4, record 2, attention was drawn to the appearance of an 
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off-effect at the end of vibratory stimulation. This takes the form of a tem- 
porary depression in the basic discharge rate. Fig. 4, records 8a and 86, show 
a response to a 60 cyc./sec. stimulus with perfect synchronization of the high- 
amplitude spike potentials. The basic discharge is derived from two to three 
fibres, and it is possible to assess the basic discharge rate of the highest of the 
spikes (record 8a). After the cessation of the stimulus this unit can again be 
identified and its rate measured (record 8b). Five such records were taken 
with increasing duration of stimulation and the post-stimulatory discharge 
rates plotted against time (Fig. 5). It is clear that the post-stimulatory 


Level of resting discharge 


5 L L 
ae 1 2 : 3 4 sec. 
Fig. 5. Graphs showing the course of recovery of the discharge frequency from a single saccular 
sense ending to its basic resting level, after its ‘inhibition’ by vibrational stimulation of 
different durations, Abscissa: time in seconds after the cessation of the stimulus. Ordinate: 
discharge frequency in impulses/sec. Stimulus duration: ©, 0-9 sec.; +, 1-5 sec.; M@, 2 sec.; 
x, 3 sec.; @, 6-5 sec. Part of the record plotted in curve @ is shown in Fig. 4, nos. 8a and 8b. 


depression in the discharge rate is a function of the length (and very likely 
also the strength) of the stimulus, and that there exists likewise a correlation 
between the length of the stimulus and the time taken for the recovery of the. 
basic discharge rate characteristic of this unit. Apart from giving useful 
quantitative information with regard to the stimulus-response relationship 
this series of experiments furnishes additional proof that a unit involved in the 
basic activity of the preparation was, in this case, definitely affected by the 
stimulus and participated in the response. In view of the fact that it is 
impossible to identify the discharge from any individual unit during such 
a synchronized response, the existence of the post-stimulatory effect is welcome. 

With the sweep frequency synchronized with the signal from the beat- 
frequency-oscillator we photographed successive sweeps showing the vestibular 
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microphonic wave and single unit action potential responses. Fig. 6, record 1, 
is a response to a 110 cyc./sec. stimulus. Eight traces are superimposed and 
the relatively undistorted microphonic wave carries high-amplitude spike 
potentials, It is clear that the action-potential discharge does not coincide 
with the peak of the microphonic wave. It can also be seen that the response 
adapts fairly rapidly, as only five or six of the traces carry a spike response, 
This adaptation can be very rapid indeed, and furnishes confirmation that we 
are dealing here with synchronized nerve impulses and not with especially 
high harmonic peaks of the microphonic wave (see also Fig. 4, record 7). 
Fig. 6, record 2, shows a response to a 100 cyc./sec. stimulus. Secondary 
harmonic humps of the microphonic wave are also seen to carry spike responses, 
which are in part summation products of two imperfectly synchronized 
components. 


Macula neglecta 

When a successful preparation of the macula neglecta nerve is connected 
to the recording apparatus it becomes at once evident that the sense ending, 
which does not respond to rotation and tilting, is highly sensitive to vibration. 
The slightest mechanical disturbance in the room gives rise to bursts of high- 


amplitude potentials, one of the most remarkable examples of sensitivity 


being a just noticeable response to the dropping of a pin from shoulder-height 
to the stone floor of the laboratory. The responses as monitored in a loudspeaker 
are the more striking as they frequently occur in the absence of a resting 
discharge. Responses to purely air-borne sound stimuli were not obtained. 
Although the preparation will readily respond to speech, this response is at once 
abolished when the speaker stands or sits on a vibration-absorbing surface. The 
loudspeaker slung from an iron girder was thus as ineffective as a stimulator 
as in the case of the sacculus macula. ) 

Fig. 6, records 3a and 3b, show a response to a 72 cyc./sec. stimulus recorded 
with reduced amplification. At the beginning of record 3a the preparation is 
‘already responding to a prolonged stimulus, but the impulse picture hardly 
emerges from the base line. At a sudden increase in stimulus intensity by 
6 db. the amplitude of the response increases, very likely by recruitment and 
summation. Gradually adaptation sets in resulting in a reduction in the fre- 
quency and in the average amplitude of the discharge (beginning of record 30). 
A renewed increase in stimulus intensity by 6 db. leads to a repetition of 
these events (record 36). This stepwise increase in the response can only be 
explained by a build-up in the number of participating sense endings showing 
a wide range of thresholds. Fig. 6, records 4a, 4b and 4c, show a high-speed 
record of such a build-up in the response to a gradual as opposed to a stepwise 
increase in stimulus intensity. They show interesting summation pictures and 
very good synchronization. 
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Fig. 6. Records of vibrational responses from the sacculus (records 1-36 inclusive), the macula 
neglecta (records 4a, 4b and 4c), and the lacinia utriculi (records 5, 6a, 6b and 7) of the ray. 
Detailed explanation in the text. Records 1 and 2 show the constant phase relationship 
between microphonic waves and summated spike potentials by superposition of a number of 
sweeps. Record 1, stimulus frequency 110 cyc./sec., duration of single sweep 18 msec. ; 
record 2, stimulus frequency 100 cyc./sec., sweep duration 20 msec. Nos. 4a, 4b and 4c are 
@ continuous record of the response to gradual increase in stimulus intensity. Time marker 
at top of records 3a~7 inclusive: 24/sec. 
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Lacinia | 

The vibration responses from the lacinia utriculi are illustrated by Fig. 6, 
records 5, 6a, 6b and 7. Record 5 represents a response from a preparation 
that showed a complete absence of gravity responses. On stimulation with 
approximately 17 cyc./sec. the lively two to three-fibre resting discharge is 
transformed into a response pattern of groups of bunched potentials at a rate 
of 34 groups/sec. Each group consists of two or three potentials very close 
together but rarely summating completely. In the intervals between the 
groups, spike potentials are sometimes totally absent, a fact which supports 
the assumption of a bunching effect of the vibrational stimulus on the existing 
resting discharge rather than the mere recruitment of newcomers. As will be 
pointed out in the discussion, this is only possible at stimulus frequencies below 
the frequency of the resting discharge. Whether the frequency-doubling 
(stimulus 17 cyc./sec., response 34 groups/sec.) is introduced in the receptor or 
was due to a strong harmonic arising during the transmission cannot be decided. 
Immediately after the above record was taken the nerve was killed with 
alcohol and this led as usual to the disappearance of the spike response. No 
vestibular microphonics remained after this treatment. 

Records 6a and 66 of Fig. 6 were obtained from a highly sensitive preparation 
again devoid of positional response. The preparation showed a few-fibre resting 
discharge and responded well to low frequency stimulation (14~—70 cyc./sec.). 
At 14 cyc./sec. its response was asynchronous (record 6a) and showed marked 
recruitment when the intensity of stimulation was raised. But even at the 
highest stimulus intensity (record 65) no clear synchronization of the response 
with the 14 cyc./sec. stimulus can be detected. There is, however, a striking 
increase in the amplitude of the spike response due to summation, and the 
greater regularity of the response may be due to a synchrony with a rhythm 
in the transmitting system. As was pointed out in the introduction to this 
paper, the difficulties of accurate monitoring of the vibrational stimulus make 
the assessment of such details almost impossible, especially in the absence of 
pronounced vestibular microphonics. 

The same preparation responded to a 56 cyc./sec. stimulus in the manner 
shown in Fig. 6, record 7. Here we found at a much lower stimulus intensity 
absolute synchronization of a clearly marked more or less completely summated 
spike potential firing at the stimulus frequency. Successful synchronization 


appeared thus to be easier at higher stimulus frequencies and almost impossible 
at the lower end of the frequency spectrum. 


DISCUSSION AND CONCLUSIONS 


_ Vestibular vibration responses can manifest themselves in two different ways, 
viz. the vestibular moiatophonies, as first described by Wever & Bray (1930), 
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and a response by impulse discharge into the branches of the eighth nerve. 
It is obvious that the more closely the point of electrical pick-up from the 
nerve lies to the vestibular wall the more difficult it becomes to record the two 
phenomena separately or to eliminate the one without affecting the other 
(Zotterman, 1943). 

The functional interpretation of vestibular microphonics still rests on a very 
insecure basis (Adrian, 1932; Ashcroft & Hallpike, 1934; Rawdon-Smith, 1938), 
and although the phenomenon is being widely used in the analysis of 


_ quantitative stimulus-response relationships, we have preferred to concentrate 


our attention solely upon responses in the form of impulse discharges. Conse- 
quently, none of the conclusions put forward in this paper, with regard to 
either the localization of vibration sensitivity or the nature of the response, are 
based upon the observation of vestibular microphonics. 

A resting discharge can be observed in all vibration-sensitive areas of the 
labyrinth. This is, however, not a prerequisite for the appearance of an impulse 
response to vibration, and it appears that a considerable number of sensory 
units are quiescent at any given moment and can be recruited to take part in the 
response. We have thus a dual mechanism of transmission of stimulus in- 
tensities: first, the usual increase in the discharge frequency from already 
firing units; and secondly, the addition of newly recruited units to the response 
picture. It was of interest in this connexion to see whether vibration can also 
lead to a slowing (inhibition) of the resting discharge activity, which is a 
prominent feature in the reactions to angular accelerations and positional 
stimuli (Lowenstein & Sand, 1940; Lowenstein & Roberts, 1950). Only in 
a resting discharge of significantly higher frequency than the stimulus signal 
can an inhibitory phase of the stimulus become effective. In that case we 
might find a discharge picture resembling the example of bunching shown in. 
Fig. 6, record 5, As single units of the elasmobranch labyrinth rarely fire 
spontaneously at a higher rate than 30 impulses/sec. this synchronization, 
brought about both by acceleration and deceleration of a resting rhythm, is 
bound to be confined to low stimulus frequencies. A continuous suppression 
of a resting discharge by sustained stimulation with a certain frequency as 
described by Galambos & Davis (1944) for the mammalian ear was not observed 
in our experiments, despite the many similarities in the general — 
mechanism which will be discussed below. 

A striking feature of our findings is the greatly restricted range of frequency 
response. The highest frequency which produced a clear spike response was in 
the neighbourhood of 120 cyc./sec. Above this frequency there is a sharp cut-off 
in spike response, although vestibular microphonics were observed up to 
750 cyc./sec. It is very likely that this cut-off is largely due to the peculiar 
mode of stimulus transmission, and no physiological significance can be 
attached to it. The same holds at the lower end of the frequency scale, at about 
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10 cyc,/sec., where there is a considerable 0 9 in energy transmitted to the 
receptor organs. 

Apart from the totally different ranges of teidiiiniten covered “ the responses 
recorded from the elasmobranch labyrinth and the mammalian ear, there 
exists striking agreement in the nature of the responses reported by Derbyshire 
& Davis (1935), Galambos & Davis (1943), and our own findings. Both in the 
mammalian cochlea and in the vibration-sensitive areas of the elasmobranch 
labyrinth a proportion of the sensory units show a resting discharge, the 
frequency of which is generally increased by the vibrational stimulus. This 
can lead to an asynchronous response in which the final frequency of discharge 
is entirely controlled by the stimulus intensity. However, in mammals below 
4000 cyc./sec., and in the elasmobranch vestibulum almost over the whole 
explored range of vibration sensitivity, synchronization between signal fre- 
quency and spike discharge rate occurs. As we could observe a build-up of this 
synchronization with rising intensity, and as we also observed intermediate 
stages of summation leading to potentials of high amplitude, we have come to 
the conclusion that the synchronized spike responses generally consist of 
summated spikes which owe their existence to recruitment of newcomers 
during a certain phase of the vibrational stimulus. That this does not usually 
coincide with the peak of the microphonic wave is shown in the remarkable 
agreement both in Fig. 6, records 1 and 2, of the present paper, and in figs. 12a 
and 126 of Galambos & Davis (1943, p. 51). Whether or not the phenomenon of 
synchronization can have any relationship with pitch discrimination will be 
discussed in a different context. 

Two more phenomena are worthy of scrutiny, viz. adaptation and the 
‘silent period’. They, too, are common to mammalian and elasmobranch 
sense endings. The adaptation observed in our preparations was sometimes 
extraordinarily rapid and drastic, and there is every indication that it is not 
shown by all sense endings to an equal degree. Neuromasts which fire spon- 


_ taneously show very little adaptation, whereas newly recruited units may cease 


firing during the first 2 sec. of continuous stimulation. This consequently often 
leads to the rapid disintegration and even abolition of a synchronized response 
and is sometimes heralded by the dropping out of alternate spike responses and 
the appearance of greater gaps in the discharge picture, the phase relation of 
spike to stimulus remaining unchanged (Fig. 4, record 7). 

The significance of the depression in the discharge rate after termination 


_ of a prolonged stimulus and its relationship to the duration of the stimulus is 


illustrated by Fig. 5. This phenomenon, described by Galambos & Davis (1943) 
as the ‘silent period’, occurs in the mammalian ear after high intensity stimula- 
tion and is, there, often followed by an after-discharge which we have not been 
able to observe in our material. 


The agreement between results, gained from the 
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cochlea and the maculae of the elasmobranch labyrinth is striking. However, 
great caution must be employed in assessing the significance of our present 
results in relation to the “Theory of Hearing’. To put it as bluntly as possible: 
We have been able to demonstrate the existence of the areas of selective 
vibration sensitivity in the elasmobranch vestibulum. The behaviour of these 
sense endings could be studied only within a range of stimulus frequencies 
drastically restricted to the lower end of the sound spectrum, a limitation 
inherent in the experimental technique. We are, moreover, almost completely 
lacking in reliable information about the very existence of sound perception in 
elasmobranchs, to say nothing about threshold, frequency range and localiza- 
tion. The results of Parker’s (1910) crude experiments on the dogfish with low- 
frequency vibration stimulation, and a report of some recent observations by 
Dijkgraaf (1949) on the same animal, constitute all we know, as training, com- 
bined with operative elimination of the vestibular organ as a whole or in is 
offers considerable difficulties in the elasmobranchs. 

It is not our intention to discuss at length the question of a detuiticn of 
hearing. This has been repeatedly attempted. by a number of authors without 
the emergence of a generally accepted formula of definition. von Frisch (1936) 
defines hearing for the vertebrates on the basis of comparative anatomical 
homology. This he considers to be established if sound reception can be shown 
to be localized within the inner ear. Pumphrey (1940) rejects the distinction 
between auditory and tactile sound perception according to its localization in 


one or other type of mechano-receptor as recommended by von Buddenbrock 


(1937), and suggests a difference in intensity levels of the mechanical stimulus _ 
as a practical criterion for their distinction. In a later paper, Pumphrey (1950) 
makes the interesting suggestion that hearing may be considered to involve 
perception of mechanical stimuli derived from distant sources and to be 
characterized by provision for more or less accurate spatial localization of the 
centre of mechanical disturbance. Finally, Autrum (1941), in a well-reasoned 
discussion of the problem, points out thata strict discrimination between hearing 
and tactile vibration perception is quite impossible in many cases, and without 
special heuristic value. To define our attitude in this matter we would say that, 
given reliable evidence for a utilization by the animal of the sensory input from 
the vibration sensitive areas of the labyrinth, we should be well content to use 
the term hearing. As this evidence is at present still absent in the case of the 
elasmobranchs we want to confine ourselves strictly to the description of the 
peripheral sensory responses to vibration. This need not, however, preclude us 
from speculating on the potential significance of vibration sensitivity in well- 
defined sensory areas of the labyrinth. 

The facts concerning bony fish are unequivocal. It has been demonstrated 
beyond doubt that hearing in some cyprinoids covers a frequency range up to 
13,000 cyc./sec. (von Frisch, 1936). Pitch discrimination is well marked and 
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has its upper limit at 1260 cyc./sec. At 800 cyc./sec. minnows can discriminate 
a quarter tone in two simultaneously presented sound signals (Wohlfahrt, 1939, 

1950; Dijkgraaf & Verheijen, 1950). Some power of transposition, a sense of 
absolute pitch and some other features of pitch discrimination characteristic 
of the human ear have been demonstrated in fishes (Wohlfahrt, 1950). The 
absence of any obvious pitch analyser structure like the basilar membrane of 
the cochlea makes these facts the more remarkable. 

‘The upper limit for pitch discrimination at approximately 1200 cyc./sec. 
could be interpreted to indicate that synchronization may, after all, play an 
important part in pitch transmission, for this is little more than twice the 
maximum discharge frequency to be expected in single axons of a cold-blooded 
animal. The upper limit of pitch discrimination in the cyprinoids lies within 
the range of the physiologically possible if we assume, as we have done, that 
synchronization is supported by a recruiting mechanism. Such a mechanism 
is also postulated by Wever (1933) in his volley-hypothesis of synchronization 
in mammals. Impulse discharge to a frequency above 2000 cyc./sec. can in 
this case be assumed to be mediated by fibres with a refractory period of not 
much less than 1 msec. This is an important consideration, as it would furnish 
a means of explaining the occurrence in fishes of pitch discrimination in the 
absence of a place-representation mechanism based upon resonator structures 


as found in the basilar membrane. The fact that the phenomenon of synchroniza- 


tion of impulse responses is apparently general in the vertebrates may, of 
course, only mean that it is an unavoidable by-product of vibration perception 
at the lower end of the frequency scale. On the other hand, it is feasible to 
consider the evolution of the cochlea with its basilar membrane as a means for 
the extension upwards both of the perceptive auditory range and of pitch 
discrimination with it. With reference to a preliminary publication of our 
results (Lowenstein & Roberts, 1948), Pumphrey (1950) suggested that the 
central integration of the vibration responses from the otolith-bearing macula 
sacculi and the unloaded’ macula neglecta might form a basis for pitch 
discrimination. Our findings, so far, neither support nor contradict such 
a hypothesis. 

Given the vibration sensitivity probably inherent in most mechano-receptor 
structures but especially in all end organs of the acustico-lateralis system 
(Pumphrey, 1950), the question arises whether they actually function as 
vibration receptors. This is entirely a matter of their exposure to, or insulation 
from, vibrational stimuli (de Burlet, 1935). de Burlet framed the term peri- 
lymphatic labyrinthine endings for sensory epithelia within the labyrinth 
which are anatomically connected and spatially related with special sound- 
conducting structures. The Weberian ossicles intervening between the air 
bladder and the vestibulum in cyprinoid fish link up with the sacculus; the 
ligamentous link between the air bladder and the clupeid labyrinth aims at its 
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utriculus. The lagena lies opposite a significantly thinned-out part of the bony 
skull (lagena window) in the minnow. Whats the situation in the elasmobranchs? 
This question is of the greatest importance in the assessment of the chances 
that the areas of vibration-sensitivity described in the experimental part of 
this paper are in fact functioning as vibration receptors. 

In 1789 Scarpa described a membrane-covered perforation in the elasmo- 
branch skull as ‘fenestra ovalis’. It is shown in Fig. 3, from which its spatial 
relationships can be seen. As has been pointed out above (p. 476) this structure, 


in conjunction with the adjoining ductus endolymphaticus, could represent — 


a sound-conducting mechanism aimed at the sacculus macula and the macula 
neglecta. Its relation to the lacinia utriculi is less striking. According to de 
Burlet’s contention, the sacculus and macula neglecta would thus very likely be 
functional vibration receptors, whereas the lacinia could only be described as 
@ prospective receptor area whose potentialities may have become realized in 


cases like the clupeids. It is known that even the cristae of. the semicircular. 


canals have such potentialities, and there is some suspicion that after the 
so-called fenestration operation in man the cristae, owing to their artificial 
exposure, become affected by sound stimuli (see Pumphrey, 1939). Whether 
the sense endings in the lateral line which are known to be vibration sensitive 
(Sand, 1937) are to be considered as potential or actual vibration receptors is 
still an open question (von Frisch, 1936; Dijkgraaf, 1934, 1949; Pumphrey, 
1950). 

Phylogenetically the elasmobranch vestibulum may thus be considered to 


represent an extremely generalized state comprising the morphological and 


functional raw material from which, during the evolution of the vertebrates, 
the one or the other potentiality has found its full functional realization. It is 
greatly to be desired that ways be found to subject the actual auditory 
capabilities of elasmobranchs to a qualitative and quantitative analysis. _ 


SUMMARY 


1. Vibration responses in the form of impulse discharges were recorded from 
nerve twigs leading from part of the macula sacculi, the macula neglecta and 
the lacinia of the macula utriculi of the isolated elasmobranch labyrinth. 

2. The otolith-bearing part of the macula utriculi, the posterior portion of 
the macula sacculi and the adjoining macula lagenae do not respond to 
vibrational stimuli. They contain gravity receptors only. 

3. An appreciable number of the sense endings show a resting activity in the 
absence of vibrational stimulation. There exists, however, convincing evidence 
that, at any given time, many sensory units are quiescent. These can be 
recruited to take part in the vibrational responses, and they show a considerable 
range of thresholds. 
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4, Under the described experimental conditions vibration responses were 
recorded to stimulus frequencies extending rarely higher than 120 cyc./sec. 
Vestibular microphonics were observed up to a signal frequency of 750 cyc./sec., 
but only nerve impulse discharges are accepted as va for vibration 
sensitivity. 

5. At low intensity stimulation the response consists of an increase in n the 
discharge frequency of the ‘spontaneously’ firing units. Higher intensities 
lead to the recruitment of previously quiescent sense endings, and to a marked 
synchronization of the response frequency with that of the stimulus. This 
synchronization closely resembles the responses described for the mammalian 
cochlea, where it occurs at the lower end of the audible spectrum. 

6. Adaptation to sustained vibrational stimulation and a ‘silent period’ 
after cessation of prolonged stimuli have been observed, and the latter has been 


quantitatively analysed. 
7. The significance of these findings is discussed in relation to the problems 


of the evolution of hearing and pitch discrimination in vertebrates, and the 
present knowledge of the mode of function of the vertebrate ear. 


The work was carried out at the Laboratory of the Marine Biological Association at Plymouth 
with the aid of a Royal Society grant from the Parliamentary Grant-in-aid of Scientific Investiga- 
tions, while one of us (O.L.) was privileged to hold the Physiological Society Table (1948, 1950) 
at that Laboratory. Our special thanks are due to the Director and staff of the Laboratory for 
their most generous support in providing the considerable amounts of living material and technical 
research facilities, without which the work would have been impossible. Part of the electrical 
equipment was built in the Natural Philosophy Department of the University of Glasgow, and we 
are greatly indebted to Prof. P. I. Dee, C.B.E., F.R.S., and Dr W. McFarlane for generously 


putting the facilities of the Department and workshop at our disposal. 
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RELEASE OF HISTAMINE FROM SKIN AND MUSCLE IN 
THE CAT BY OPIUM ALKALOIDS AND OTHER HISTAMINE 
LIBERATORS 
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A number of widely different chemical compounds have the common property 
of releasing histamine from mammalian tissue without producing gross structural 
change (MacIntosh & Paton, 1949; Paton, 1951). These substances were called 
‘histamine liberators’. The present experiments are a continuation of their 
work and deal in the main with two new aspects of this subject. It has been 
shown that the opium alkaloids and the morphine derivative, apomorphine, 
have to be added to the class of histamine liberators. Furthermore, an 
identification of the tissues from which the histamine is released was begun. 
It was found in perfusion experiments that, in cats at least, histamine is 
released from muscles and skin by histamine liberators. 

The possibility that. morphine and other opium alkaloids release histamine 
was considered but rejected in 1917 by Sollman & Pilcher. Later however, 
Lewis (1927), found that strong concentrations of morphine pricked into 
the human skin elicited the triple response, and therefore concluded that 
morphine caused the release of histamine or H-substance in the human skin. 

Evidence for the release of histamine by opium alkaloids was obtained 
independently at the same time by Nasmyth & Stewart, and their results as 
well as ours were shortly reported to the Physiological Society (Nasmyth & 
Stewart, 1949; Feldberg & Paton, 1949). A short account of the release of 
histamine from the perfused skin by various histamine liberators has also been 
communicated by us to the International Physiological Congress (Feldberg & 
Paton, 1950). 

METHODS 


All experiments were done on cats anaesthetized with chloralose. In those experiments in which 
the blood pressure was recorded, a mercury manometer was connected to a siliconed cannula tied 
into the carotid artery; clotting was prevented by the addition of heparin in the cannula. When 
samples of plasma were required, blood was withdrawn from the femoral artery into a heparinized 
syringe and at once centrifuged. The routine assays of histamine were done on the guinea-pig’s 
ileum preparation suspended in a 15 ml. bath of Tyrode solution at 35° C. The values for histamine 
are expressed as base, but the doses of the liberators refer to the following salts: propamidine 
isethionate, D-tubocurarine chloride, morphine sulphate, apomorphine chloride, thebaine 
chloride, codeine sulphate, papaverine chloride, antrycide methylsulphate, compound 48/80 from 
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Burroughs Wellcome as chloride. The atropine was used as sulphate, acetylcholine as chloride, 
and mepyramine as maleate (Anthisan, May and Baker). 

Perfusion of gastrocnemius muscle, The isolated muscle was perfused with Tyrode solution from 
a cannula tied into its artery, and the venous effluent collected from a venous cannula. The skin 
of the leg was cut from the popliteal region to the heel. The hamstring muscles were divided so 
that the knee joint could be hyperextended and the popliteal space made more accessible. All 
branches of the popliteal vessels not supplying the gastrocnemius muscle were then ligated and cut. 
The Achilles tendon was cut, the gastrocnemius separated from soleus and reflected upwards in 
order to ligate the vessels below the origin of the vessels to the gastrocnemius, after they have 
passed deep between the two heads of the muscle. The two heads were separated from the femoral 
condyles; the medial one was ligated, as near to its attachment as possible, and cut; the lateral 
one, having a tendinous attachment, could usually be detached without ligation by cutting through 
the cartilage. Care was taken to keep the muscle warm during the whole preparation and prevent 
it from drying by covering the muscle with cotton-wool soaked in warm paraffin. The arterial and 
venous cannulae were inserted only after the muscle had been detached; until this time its natural 
blood supply was maintained. The muscle was then transferred into a Petri dish filled with warm 
liquid paraffin, and the histamine liberators injected after the venous effluent had become free of 
blood and control samples had been collected. The perfusion pressure required for a flow of between 
1 and 3 ml./min, was between 20 and 30 cm. saline solution. At the end of the perfusion, indian 
ink was injected through the artery to verify the extent of the perfusion. Apart from a small 
fascicle in the middle of the deep surface, the muscle was usually stained black throughout; 
occasionally the ink had penetrated only feebly to the distal parts of the muscle near the origin 
of the Achilles tendon. In a few experiments the non-perfused, or badly perfused, parts were 
dissected out and weighed; they never exceeded 15% of the muscle weight. The volume of the — 
muscle, in ml., was taken as equal to its weight in grams; this approximation overestimates the 
volume by about 7 %. 

Skin perfusion. Large cats weighing between 3 and 4-5 kg..were used. An area of skin from the 
right hindleg, supplied by the saphenous artery was perfused with Locke solution. After shaving 
and marking out the area of skin to be isolated, the skin was divided with a thermocautery by two | 
incisions right round the leg, one about 4-6 cm. above the knee joint, the other about 2 cm. above 
the ankle. The two incisions were joined by a further incision along the lateral aspect. At the 
border of the lower, circular incision, the saphenous vein was tied and cut. The skin was then 
dissected off from the underlying muscles and fascia, starting from the longitudinal incision and 
working from both sides to the centre of the piece of skin where the saphenous artery and vein 
enter and leave it. Anastomostic vessels from the popliteal space, the gluteal region, and the 
lateral aspect of the ankle were ligatured and cut. In addition, a few smaller vessels penetrating 
the muscles required ligature. 

In order to prevent spasm of the saphenous artery, the preparation throughout the dissection 
was kept warm by radiant heat from a bow! fire, and drying of the inner surface of the dissected 
skin was prevented by repeated flooding with warmed liquid paraffin. 

The saphenous artery and vein up to the femoral vessels were carefully isolated. Because of the 
length of this vascular trunk, handling the saphenous vessels was avoided to prevent spasm, 
and the saphenous nerve was left undissected with the vessels so that it gave additional support 
and protection. A length of the femoral artery and vein, 2 cm. above and 1 cm. below the junction 
with the saphenous vessels, was dissected free by ligating and cutting all side vessels. The dissected _ 
patch of skin with its vessels still attached to the animal was packed in warm saline swabs and 
kept warm by radiant heat for 30-60 min. to allow any arterial spasm to pass before perfusion was 
started, 


For the perfusion the Locke solution passed from a reservoir whose height could be adjusted, 
through a hot water jacket near the injection cannula, to which it was connected by thick-walled 
rubber tubing through which the injections of the histamine liberators were made. A small, 
vertical side arm on the injection cannula served to trap any bubbles in the perfusion fluid. The 
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femoral artery below the origin of the saphenous was ligated and cut, the cannula was tied into 
the femoral artery above the saphenous, perfusion at once started, and the femoral artery divided 
above the cannula. Another cannula was tied into the femoral vein in the same way above the 
saphenous for the collection of the venous effluent. The entirely isolated patch of skin with its 
cannulated vessels’ was transferred to a paraffin bath warmed by a water jacket. The skin was 
spread out with its inner surface upwards on @ perforated, immersed, celluloid platform, so that it 
was possible to observe the washing out of the blood from the perfused parts of the skin, as well 
as the formation of oedema if it should occur. The paraffin bath used was funnel-shaped, with an 
outlet at the bottom, so that any fluid escaping from the skin could be collected. It usually 
amounted to a few ml. only. Warm water was kept circulating through the water jacket near the 
injection cannula, and through that surrounding the paraffin bath by an ‘air lift’. By this means 
the temperature of the fluid perfusing the skin and of the paraffin surrounding it was kept at about 
37° C, 

The perfused skin weighed between 15 and 30g. The perfusion pressure was adjusted so as to 
maintain a venous outflow of.2—4 ml./min. For this purpose the pressure required ranged between 
60 and 200 cm. of water, usually about 100 cm. | 

-The histamine content of samples of the skin from the perfused side and corresponding areas 
on the other limb was determined. The skin was freed from the underlying subcutaneous tissue 
and, after weighing, cut up in 2 ml. x-HCl/g. skin, and ground in a mortar with sand. This procedure 
does not fully macerate the tissue. This is achieved as follows: the partly macerated tissue is 
transferred into another mortar, again cut up and reground after the addition of distilled water 
(about 10 ml./g. tissue). The contents are returned to the original mortar, again ground and brought 
into a flask. The mortars are washed several times with saline solution and the washings added to 
the flask, which is boiled for a minute or two. The flasks are then stored in the cold until the assay 
is carried out (usually after 24 hr.). For this purpose they are centrifuged or filtered, the residue 
washed twice with saline solution, the supernatant or the filtrate respectively and the washings 
mixed, neutralized with n-NaOH, made up to a given, suitable volume and then assayed for 

histamine on the guinea-pig’s ileum preparation. 


RESULTS 

The vaso-depressor action of morphine and codeine in the cat 
Both morphine and codeine, when injected intravenously, cause a fall in 
arterial blood pressure. The effect does not start during the first few seconds 
after the injection, but only appears after a latency of 15-20 sec. which, as 
shown by MacIntosh & Paton (1949), is characteristic for histamine liberators. 
As seen from Fig. 1, the fall after a large dose of morphine (5 mg.) is steep, 
whereas after a smaller dose (1 mg.) it develops gradually. Once the blood 
pressure has fallen after morphine, recovery is either absent or much delayed, 
even with small doses of morphine. This prolonged action is unlike that of 
other histamine liberators. For example, after the injection of 0-5 mg. pro- 
pamidine the immediate depressor action was greater than after 5 mg. of 
morphine, but the blood pressure was restored within 5 min. After the 
injection of 5 mg. of morphine, recovery had not set in 45 min, later, when the 
blood pressure was restored by the intravenous injection of dextran. __ 

_ Large doses of morphine caused stoppage of respiration, so that artificial 


movements. 


ventilation was required. After codeine (5 mg.) there were convulsive © 
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Plasma withdrawn during the first minutes after a large dose of morphine 
The results of two experiments 


= 


contained more histamine than normal plasma. 


are given in Table 1. The histamine of the 
plasma was assayed on the cat’s bloui 
pressure and identified by the following tests: 

(1) The depressor action was resistant to 
atropine, but abolished by mepyramine. 

(2) The plaains caused a contraction of the 
guinea-pig’s gut. 

(3) The depressor and gut-contracting 
action of a given sample of plasma corre- 
sponded approximately to the same histamine 
equivalent. 


The concentration of histamine in the . 


plasma, even after large doses of morphine, 
was much smaller than that found after pro- 
pamidine (MacIntosh & Paton, 1949). Release 
of histamine into the blood stream therefore 
can account only partly for the depressor 
action of morphine. This conclusion agrees 
with the observation that the intravenous 
injection of 1 mg./kg. of mepyramine did not 
produce eyen partial recovery of the per- 
sistently low blood pressure, whereas mepy- 
ramine has this action on the depressor effect 
of other histamine liberators (MacIntosh & 
Paton, 1949). Further, if large amounts of 
histamine had been liberated, we should also 
expect regular and extensive haemorrhages 


Me. morphine) 


Fig. 1. Arterial blood pressure of 2-1 kg. 
cat in chloralose anaesthesia. Intra- 
venous injections of 0-5 mg. propa- 
midine (at a), of 1 and 5 mg. mor- 
phine (at 6 and c). Time in 10 sec. 


in the subendothelium of the heart and in the mucosa of the small intestine 
(Feldberg & Kellaway, 1937), as well as haemoconcentration (Dale & Laidlaw, 
1918). Although such haemorrhages were, in fact, found in most experiments, 


they were never more than slight, and consisted of one or a few subendocardial © 


haemorrhages and sometimes also a few haemorrhagic patches in the duodenal 


mucosa. Haemoconcentration did not occur. 


1, Histamine in cat's plasma (yg./ml.) 


Minutes after 20 mg./kg. morphine 


no. morphine ‘8 7 10 
1 0-02 0-13 0-08 a 0-08 
2 0-025 0-115 0-005 
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Effects of histamine liberators on perfused cat’s gastrocnemius muscle 

The venous effluent collected for 5-10 min. before the injection of histamine 
liberators either had no effect when tested on the guinea-pig’s ileum, or caused 
a contraction corresponding to a histamine content of less than 0-01 g./ml. 
But, after the injection of histamine liberators, it caused a vigorous contraction 
of the intestine and had a histamine equivalent of 1 ug./ml. or higher. 

The gut-contracting substance in the venous effluent was identified as 
histamine by the following tests. Its action was not abolished by atropine but 
was abolished by small doses of mepyramine. When the mepyramine was 


(a) (b) (c) (d) 

Fig. 2. Contractions of guinea-pig’s ileum preparation in 15 ml. Tyrode solution. 8., 0-045 ml. of 
effluent from cat’s gastrocnemius after injection of 5 mg. thebaine (Exp. 10, Table 3); 
Hi., 0-04 ug. histamine; Ac., 0-03 ug. acetylcholine. At (6) in the presence of, at (c) during 
recovery from, 0-2 »g. mepyramine; at (d) in the presence of 0-4 ug. atropine. 


washed out, the sensitivity of the preparation to histamine and to the substance _ 


in the perfusate returned together. This is illustrated in Fig. 2, which shows 
equal contractions produced by perfusate (0-045 ml.), by histamine (0-04 ug.) 
and by acetylcholine (0-03ug.). After the addition to the bath of 0-2yg. 
mepyramine, the contractions produced by histamine and perfusate were both 
practically abolished, whereas acetylcholine exerted its previous effect. The 
mepyramine was then washed out, and there was a partial and equal return of 
the effect of histamine and perfusate. These responses were not affected by 
a dose of atropine, which abolished the much stronger acetylcholine contraction. 
Similarly, when the intestinal preparation had been rendered relatively in- 
sensitive to histamine by previous exposure to a large dose of histamine, the 
activity both of histamine and the sample were equally reduced, and, as the 
gut recovered its sensitivity, the response to histamine and to the perfusate 
returned together (Barsoum & Gaddum, 1935). Further, the perfusate caused 


a fall of arterial blood pressure in the cat. When the histamine equivalent of — 


& given sample was assayed on the cat, it corresponded to that obtained in the 


assay on the guinea-pig’s ileum. The depressor effect of the sample resembled — 
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histamine in its sensitivity to mepyramine and its resistance to atropine. 
Finally, during the assay on the cat’s blood pressure, it was noted that the 
perfusate reproduced also the action of histamine on the suprarenal medulla, 
since the depressor effect was followed by a rise in blood pressure with cardio- 
acceleration. Since by all these tests the active substance in the perfusate was 
indistinguishable from histamine, it will be referred to as such. 

Propamidine. In the first experiments, propamidine was used as a prototype 
of a strong histamine liberator. Its injection into the artery of the perfused 
muscle caused vasoconstriction and release of histamine. Vasoconstriction 


5 mg. propamidine 


02 


Histamine (yg./min.) 


i 
0 5 10 15 20 25 30 
Time (min.) 


Fig. 3. Histamine release from perfused cat’s gastrocnemius muscle after arterial injections of 
propamidine. during 
the periods shown by the lengths of these lines. 


occurred within a few seconds after the injection and could cause cessation of 
outflow for several minutes, and in some experiments even for longer. It is 
probably an effect of the released histamine, since histamine was found to be 
vasoconstrictor in this preparation, and, in addition, there was a certain 
parallelism between vasoconstriction and the concentration of histamine found 
in the perfusate. For instance, when a second injection of propamidine failed 
to release histamine (see later), vasoconstriction was absent or trivial. 

Fig. 3 shows the release of histamine by an injection of 5 mg. of propamidine. 
Of the total output of 3-9 ug. histamine, about 75% was recovered in the 
effluent collected during the first 6 min. after the injection. In all experiments 
in which vasoconstriction was transient such a quick initial release was 
obtained, 

The amounts of histamine released by 5 mg. propamidine in fourteen cats 
per gastrocnemius and per gram muscle, are given in Table 2. There are great 


, differences in the amounts released by different muscles. Part of this variation 


is due to the different weights of the muscles, but even when the histamine is 
expressed per gram of muscle there is still a sevenfold variation in histamine 
output. This means it is not possible to make quantitative comparisons with 
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different doses of the same drug, or with different drugs, by using different 
cats; to make such a comparison possible the histamine outputs from the right 
and the left gastrocnemius muscles were compared with each other. Even then 
there is some variation, doubtless due to differences in the perfusion. For | 
instance, in two experiments, the histamine outputs from the right and left 
gastrocnemius, after the injection of 5 mg. propamidine into each muscle, were 
compared. They amounted to 10-2 and 7:8 in the one, and to 18:5 and 12:2 yg. 
histamine in the other, the differences between the two sides being 23 and 


34:% respectively. 


TABLE 2, Release of histamine from gastrocnemius of the cat by 5 mg. propamidine 


ug. of histamine released 


Weight Weight A. 
of cat of cas Per Per 
(kg.) (g.) gastrocnemius muscle 
1-4 12 2-1 0-175 
23 21 59 0-280 
26 23 3-7 0-161 
2-7 29 5-7 0-196 
2-7 30 25-5 0-850 
2-8 30 3-4 0-113 
2-8 28 7-2 0-257 
3-2. 43 0-225 
32 35 14-4 . 0-411 
3-3 40 79 0-197 
3-3 37 6-6 0-178 
4-0 43 7:4 0-172 
4-2 43- 11-9 0-277 
45 55 114 0-207 
Mean 0-264 


TaBuE 3, Release of histamine from perfused gastrocnemius of the cat 


Exp. Dose cone In 
Propamidine isethionate 1 10 52 12-2 
| 2 2:5 12 
4 0-5 27 13 
5 0-25 29 26 
Morphine sulphate 6 10 . 40 4-9 
7 5 29 3-7 
| 8 2 43 3-6 
Thebaine sulphate 10 5 37 78 
Apomorphine hydrochloride 1] 5 29 3-1 
1 33 2-8 
Papaverine hydrochloride 13 5 24 3-2 
14 5 23 46 . 
p-Tubocurarine chloride 15 5 48 9-2 


70 


_ In Table 3 the histamine released by various doses of propamidine is given 
in »g. per muscle and, in addition, expressed as percentage of the histamine 
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output obtained from the other gastrocnemius injected with 5 mg. of prop- 
amidine. Doses of over 5 mg. do not. significantly increase the output, and 
in those experiments in which the ‘effect of other histamine liberators was 
examined, it was therefore compared with that of 5 mg. propane’ on the 
other gastrocnemius. 

When the histamine release has come to an end and a second dose of 5 mg. 
propamidine is injected, there is either no further release of histamine (see 
Fig. 3) or occasionally small amounts, less than 20 % of that released ‘by 
the first injection. As will be seen later, en ™ muscle still contains 
of histamine. 


Time (min.) 


Fig. 4. cote gastrocnemius during infusion of propamidine 
5 min. period. 


When the thal is administered, not by a single injection but by iene 
infusion, the.course of histamine release does not differ and most of the histamine 
released is collected in the first few ml. of effluent. This is shown in the experi- 
ment of Fig. 4, in which the perfusion fluid contained propamidine 1 in 10,000. 

p-Tubocurarine. Of the known histamine liberators D-tubocurarine chloride 
was examined once on the perfused gastrocnemius muscle. Five mg. caused the 
release of 9-2 ug. of histamine as compared with 13:1 ug. after 5 mg. prop- 
amidine from the gastrocnemius of the other leg. Although. this difference is 
within the normal range of variation between the two gastrocnemii, it may be 
due to the fact, found by MacIntosh & Paton (1949), that, weight for weight, 
D-tubocurarine chloride is a weaker histamine liberator than propamidine. 

Opium alkaloids and apomorphine. Table 3 includes a new group of histamine 
liberators: the opium alkaloids, morphine, codeine, thebaine and papaverine, 
as well as the morphine derivative apomorphine. 7 

All the opium alkaloids as well as apomorphine caused vasoconstriction and 
an output of histamine, when injected in doses from 1 to 10 mg. From the few 
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results obtained it appears that morphine, codeine and apomorphine are weaker — 


histamine liberators than propamidine. 


These substances, when dissolved in saline solution, gave acid reactions, | 


and papaverine in particular would not dissolve in a concentration of 1 % 


except when the saline was acidified to a pH of about 4-3. Such an acid reaction, — 
however, did not cause release of histamine or the release of minute amounts — 


only. For instance, an injection of 0-5 ml. n/3 acid sodium phosphate (pH 4-37) 


did not cause any release of histamine, or traces only (0-07 yg.). Even the © 
injection of 0-5 ml. of n/30-HCl (pH 1-56) released not more than 0-3 yg. of 


histamine. In addition, most of the other opium alkaloids and apomorphine 


could be injected in neutral or approximately neutral injection by neutralizing 


the solution with NaOH shortly before the injection. 


Tass 4, Diminution of histamine in muscle after propamidine 
Histamine content of muscle § Histamine collected in effluent 


(u8-/8:) (ug-/g- muscle) 
Control Perfused After After 
muscle muscle Ist injection § 2nd injection 
1:8 16 0-2 0-03 
0-8 0-3* 0-4* 0-06" 
*Values corrected for oedema. 


Histamine content of muscle. From Table 2 it will be seen that large doses of 
propamidine release on the average 0-264 yg. histamine per gram muscle. This 
is less than the histamine known to be present in cat’s muscle (Feldberg & 
Schilf, 1930). In two experiments, the results of which are given in ‘Table 4, 
the histamine in the non-perfused and perfused muscle was determined. It was 
shown that the muscle histamine could not be exhausted even after two in- 
jections of 5 mg. propamidine. The second injection was found to release only 
a fraction of the histamine still present in the muscle, It therefore appears 
that some of the histamine in muscle is inaccessible to the action of histamine 
liberators, at least when they are injected arterially into the perfusion fluid. 

The course of release of histamine in muscle. In different experiments the time 
taken for all the histamine released after a given dose of liberator to appear 
in the effluent varied considerably. In Fig. 5a, the histamine output, expressed 
as a percentage of the total released, is plotted against the time of perfusion for 
nine typical experiments. It is seen that two-thirds of the total histamine 
output was collected in times ranging from 5 to 20 min. These variations are 
accounted for by the varying degrees of vasoconstriction in the different 
experiments, and, when the histamine output is related not to the time of 
perfusion but to the volume of perfusate, the curves of all the experiments 
become practically indistinguishable. This has been done in Fig. 5b, in which 


the abscissae give the volume of perfusate, expressed as percentage of the | 


volume of the muscle to allow for the varying size of the different muscles. 
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From the curve it is possible to say that, after the injection of a histamine 
liberator, two-thirds of the total output of histamine will be obtained when 
a volume of perfusate equal to 15-25 °% of the muscle volume has been collected. 
This is independent of the extent of vasoconstriction, the size of the muscle, 


Histamine output (%) 
es SBE SBSBB 


20 30 40 
Time (min.) 


(2) 


4 


Histamine output (%) 


i i 
0 20 40 60 80 
Volume of perfusate (as % muscle volume) 
(0) 

mine liberators. The numbers refer to the experiments of Table 3, and P refers to experiments 
with 5mg. propamidine. The ordinates give the hist tage of total histamine 
released. In (a) the abscissae give time in minutes, in (b) volume of perfusate collected as 
percentage of muscle volume. Histamine liberators injected at 0. 


the dose of liberator, the nature of the liberator, or the amount of histamine 
released. Further, the course of release is a regular one of approximately 
exponential type such that equal fractions of the histamine remaining in the 
muscle are released into equal, successive volumes of perfusate. Fig. 6 shows 
the output of three representative experiments with different histamine 
liberators plotted in this way. 
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Effects of histamine liberators on perfused cat’s skin — 
The arterial injection of histamine liberators—propamidine, D-tubocurarine, 
morphine, codeine, antrycide and compound 48/80—caused intense vaso- 


constriction, development of oedema, and the appearance of large amounts of — 


histamine in the venous effluent, with a corresponding loss of histamine from the 
perfused skin. 


Vasoconstriction. The vasoconstriction after a large dose of histamine liberator, 


for instance 5 mg. of propamidine, occurs after a latency of about half a minute 


after the injection, and may be so intense as to cause cessation of outflow for | 


periods varying from a few minutes up to an hour in one experiment, During 


1004 
70 
3 50 
3 40 
£ 30 
Propamidine, 5 mg. Morphine, 10 mg. D-Tubocurarine, 5 mg. 
0 10 20 30 


Volume of perfusate (as % muscle volume) 

Fig. 6. Histamine output from perfused cat’s gastrocnemius muscle after propamidine, morphine 
and p-tubocurarine. The two latter experiments are the same as nos. 7 and 15 in Table 3. 
Ordinates: the total histamine output is taken as 100, and the figures refer to the percentage 
of this histamine still remaining in the muscle. Logarithmic scale. Abscissae: volume of 
perfusate as percentage of muscle volume. 


this. period of intense vasoconstriction the outflow can be accelerated to some 
extent, or if it has stopped, started by increasing the perfusion pressure or 


_ by repeated compressions of the rubber tubing from the reservoir, but this 


procedure never restores the original rate of outflow. This often happens rather 
abruptly during the spontaneous, gradual passing off of the vasoconstriction, 
and the original flow can then be maintained for hours. 

When the same dose of histamine liberator is injected a second time after 
the effect of the first injection has worn off, the vasoconstriction is only slight. 
As will be seen later, the release of histamine by a second injection is also 
very much reduced. Therefore, the vasoconstriction is either wholly, or at least 


to a great extent, accounted for by the action of the released histamine. This _ 
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conclusion is supported by the observation that an injection of 100 ug. of 
histamine, an amount comparable to that released by a large dose of a hista- 
mine liberator, produced the same intense and long-lasting vasoconstriction. 

Oedema. In all experiments in which histamine liberators were injected 
intense oedema developed. At the end of the perfusion the subcutaneous 
tissue in the central region had swollen greatly and hung placenta-like as 
a gelatinous mass, on the inner surface of the skin. The dermis itself was also 
definitely thicker than normal, The subcutaneous, oedematous tissue could be 
dissected off, and the fluid in the skin proper pressed out between filter-papers. 
The weight of the oedema fluid was usually three to five times the weight of the 
skin. Since the oedema developed only over about two-thirds of the skin, that 
part which had been best perfused, the oedema fluid per gram of perfused skin 
may have been as high as 4—-74 ml. In control skin perfusion without injections 
of histamine liberators, some oedema developed too in the course of 1-3 hr. 
perfusion, but it did not exceed 2 ml./g. skin and was sometimes only 0-5 ml./g. 
_ There was an additional difference between the control experiments and those 
in which histamine liberators were injected. In the former the oedema developed 
gradually during the whole perfusion time, whereas in the latter it made 
a more sudden appearance in the first half hour after the injection of histamine 
liberators. 

Release of histamine. With the exception of two experiments, the venous 
effluent collected before the injection of a histamine liberator was inactive 
when 1 ml. was added to a 15 ml. bath containing the guinea-pig’s intestine 
preparation, which was sensitive to between 0-01 and 0-02 yg. of histamine. 
In the one exceptional experiment, the activity of 1 ml. perfusate corresponded 
to 0-02 yg. but diminished after 10 min. perfusion; in the other, which was 
from a pregnant cat, the activity of 1 ml. perfusate was as high as 0-11 yg. 
histamine. But even this activity was low compared with the activity of the 
samples collected after the injection of the histamine liberators. These samples 
caused such strong contractions of the intestine that they often had to be 
diluted ten to twenty times before testing. The activity was shown to be due 
to histamine by the same tests as were applied to the effluent from the gastro- 
cnemius muscle, We shall therefore refer to the active substance in the venous 
effluent as histamine. 

The total histamine in the venous effluent collected after the injection of 
a sufficiently large dose of liberator varied between 100 and 350 yg. as seen 
from the figures of Table 5. The highest concentration of histamine in the 
effluent of the different experiments varied between 6 and 8 yg./ml. These 
concentrations were obtained in samples collected during 10-15 min., so that 
even higher concentrations would have been obtained with shorter sampling 
periods. 

The rate of histamine output per minute varied in different. experiments, 
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independently of the total histamine released. It was to a great extent 
dependent on the initial vasoconstriction after the injection of the histamine 
liberator. 


TABLE 5 
Highest histamine 
concentration 
obtained Time of Volume 
Exp. Histamine libera 
no. liberator (min.) (ml.) 
1 Dd mg. 42 2-4 1:420,000 30 60 
2 0-1 mg. 59 1-2 1:830,000 . 15 175 
3 5 mg. 107 2-0 1:500,000 117 213 
4 5 mg. 140 19 1:530,000 153 176 
5 5 mg. 246 6-7 1: 160,000 120 185 
6 5 mg. 347 38 1: 260,000 215 207 
p-Tubocurarine 
7 5 mg. 157 2-1 1:480,000 115 300 
8 5 mg. 160 0-8 1: 125,000 300 462 
M 
9 5 mg. 113 2-2 1:450,000 107 232 
Codeine 
10 5 mg. 112 18 1:560,000 85 216 
Antrycide 
ll 5 mg. 156 2-5 1:400,000 94 190 
Compound 48/80 
12 10 pg. 159 23 1:430,000 90 202 


In the two experiments with 5 mg. p-tubocurarine, illustrated in Fig. 7, the 
total histamine output was practically identical. In Exp. 7, in which the 
maximal histamine output was reached during the first 20 min., vasocon- 
striction was moderate and the average flow during this period of collection was 
about 2 ml./min. On the other hand, in Exp. 8 the flow stopped completely 
for 30 min. and the average flow during the following 15 min. was less than 
0-3 ml./min. The intense vasoconstriction also delayed the histamine output 
during the later stages of perfusion, when the outflow had again reached normal 
values of about 2 ml./min. 

The experiments with propamidine are illustrated in Fig. 8. The initial 
delay in all three experiments with 5 mg. propamidine was accounted for by 
a greatly reduced outflow during the first 20 min. after the injection. The 
dependence of the initial and later rate of histamine output on the vaso- 
constriction after the injection is also evident in the two experiments with 
0-1 mg. propamidine. In Exp. 1, vasoconstriction was over in 4 min., whereas 
in Exp. 2 it took about 20 min. before the outflow had reached its normal value 
of about 2 ml./min. | 

Fig. 9 illustrates the histamine output after codeine, morphine, and compound 
48/80. Again, vasoconstriction was smallest in Exp. 12; during the first 10 min. 
after the injection 14:3 ml. perfusate was collected, whereas in Exps. 10 and 9 
the outflow during the first 10 min. amounted to 8-5 and 5-7 ml. respectively. 
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Smg. D-te. 


Hist. (2g./min.) 


Hist. (yug./min.) 
On 


5 mg. 0-tc. 160 pg. histamine 
30 90 120 150 180 210 240 270 


Minutes 


Fig. 7. Histamine output from perfused cat’s skin by 5 mg. D-tubocurarine. 
The numbers of the experiments refer to those of Table 5. 
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Fig. 8. Histamine output from perfused cat’s skin by 0-1 mg. propamidine (Exps. 1 and 2) and 
by 5 mg. propamidine (Exps. 3, 4 and 6). The numbers of the experiments refer to those of 


Table 5. 
5 mg. codeine 5 mg. morphine 10 ug. compound 48/80 
+ 
J 
Exp. 10. 9. Exp. 12. 
| 159 ug. 
= histamine histamine 
= 
0 _ 


@ | Fig. 9. Histamine output from perfused cat’s skin by 5 mg. codeine, 5 mg. morphine and 10 yg. 
compound 48/80. The numbers of the experiments refer to those of Table 5. 
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Compound 48/80, which acted in amounts of a few micrograms, is so far the 
most active histamine liberator known (Paton, 1951). 

Depletion of skin histamine, The histamine appearing in the perfusate is 
derived from the preformed histamine in the skin. Table 6 gives a balance sheet 
comparing the histamine found in perfused skin and in the perfusate after 
injection of propamidine with the total histamine available in a similar area 
of normal skin from the other leg. In the two experiments, nos. 3 and 4, with 
5 mg. propamidine, the histamine content of the perfused skin is greatly reduced 
and the loss corresponds to the amounts found in the perfusate. In all experi- 
ments in which a balance sheet was made, the histamine released could be 
- fully accounted for by the histamine loss. It follows, therefore, that no new 


histamine is produced by, or during, the process of histamine liberation, and | 


that none is destroyed, unless we were to assume that, independent of the 
amount released, production and destruction exactly balanced each other. 


TABLE 6 
Control skin Perfused skin (histamine in yg.) 
Exp. (histamine A 
no in pg.) In skin In perfusate In skin + perfusate 
2 332 320 59 379 
3 307 200 107 307 
4 210 112 140 252 


In Exp. 2, with a small dose of propamidine (0-1 mg.), less than 20 % of the 
available histamine was released. It is not possible to determine with certainty 


such a small loss of skin histamine if the histamine content of the whole 


perfused skin is determined in toto; but a loss is demonstrable when the best 
perfused area of the skin is extracted separately. 

The perfused piece of skin was never equally well perfused in all parts, but 
those regions near the entrance of the saphenous artery were best perfused, as 
judged by the rapidity with which the blood was washed out from these 
regions by the perfusion fluid. The central parts were also those which suffered 
the greatest loss of histamine, and where, therefore, a loss was easily detectable 
even after a small dose of histamine liberator. In Exp. 2 of Table 6, the skin, 
after the perfusion, was divided into several portions and the histamine content 
of each part determined separately, together with the histamine content of 
corresponding areas of skin from the opposite leg. On the control side, the 
histamine content of skin from different areas did not vary significantly and 
was about 25 yg./g., and the same content was shown by two portions of skin 
from regions which were scarcely perfused at all. But a small area of skin from 
the perfused side round the point of entry of the artery contained only 8-4 g/g. 
_ and an adjacent area 10yg./g.; the remaining perfused skin contained 15yg./g. 

These 15g./g. are not entirely a sign of histamine loss, because there was some 


oedema and the perfused skin weighed about 25 ho more than the same area of 
the control side. 
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Even after the injection of a large dose of histamine liberator, the loss of 
histamine from the skin was not uniform but was greatest in the central regions 
which often became practically histamine free. In the experiment of Fig. 10 the 
control skin from the other leg contained 15g./g. histamine. On the perfused 
side three areas of skin—central, intermediate and peripheral—yielded 0-3, 


15 and 10yg./g. respectively. Results of the same kind were obtained with 


Artery 


2 


Fig. 10. Diagram of a perfused piece of skin with saphenous artery, showing the areas from which 
the histamine was extracted after injection of 5 mg. of propamidine (Exp. 4 of Table 5). 


all histamine liberators tested, as seen from the results of Table 7. In this 
table the histamine content of normal skin has been compared with that of the 
central parts of the perfused skin in which the greatest histamine loss was found 
after the injection of the histamine liberator. 


TaBLE 7. Histamine content of skin in yg./g. 


Exp. Control Central parts § Percentage 
no. of perfused skin depletion 
1 23 <10 >96 
2 25 8-4 66 
3 21 4:8 77 
4 25 0-3 99 
7 21 2-0 90 
8 13-5 1-0 93 
9 20 1-0 95 
10 24 2-0 92 
11 23 0-4 98 7 
12 21 5-9 72 
DISCUSSION 


It had previously been shown that a variety of compounds have the property 
in common of releasing histamine from mammalian tissue. Some of these 
compounds, such as D-tubocurarine, the trypanocidal diamidines and antrycide, 
are of clinical or veterinary importance. A new group of substances, widely 
used therapeutically, has to be added to the histamine liberators: the opium 
alkaloids and apomorphine. 

Whereas, with certain histamine liberators such as propamidine or compound 
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48/80, the effects of the released histamine account for most of their pharmaco- 
logical actions, this is certainly not true for the opium alkaloids and apomor- 
phine, in which the property of releasing histamine is a side action independent 
of the main central and peripheral effects which these substances exert in the 
animal body. We have seen that even the long-lasting fall of arterial blood 
pressure in cats after large doses of morphine, which superficially resembles 
a histamine shock, is only partly accounted for by release of histamine. 
Nevertheless, this property of the opium alkaloids may have practical im- 
portance. The well-known ‘idiosyncrasy’ to morphine and codeine, particularly 
when applied by the intravenous route, the hypersensitivity of skin in certain 
patients to opium preparations, the pruritus and sneezing of the opium addict, 
may all be attributable to this property of releasing histamine. There is also 
the possibility that the hypersensitivity of the patient with bronchial asthma 
to morphine is due, or partly due, to the release of histamine, to which 
these patients are particularly sensitive (Herxheimer, 1950). It may become 
necessary to re-examine some of the effects of the opium alkaloids to find out 
if, or how far, release of histamine accounts for them. Such an examination 
may also give us information about what, in fact, are the effects of histamine 
liberators in general when given to man. 

So far, little is known about the tissues mainly responsible for the release of 
histamine in different species. It is not even certain whether the ‘shock organs’ 
of anaphylaxis are the same as those on which the histamine liberators exert 
their main action. In cats anaphylaxis is difficult to produce; nevertheless, 
they respond well to the histamine liberators. MacIntosh & Paton concluded 
from indirect evidence that, in this species, the histamine must be derived, or 
derived mainly, from the skeletal muscle and skin. Our perfusion experiments 
fully support this conclusion and show further that of the two tissues the skin 
is by far the greater source of released histamine, and can therefore be regarded 
as the ‘shock organ’ of cats. It was found that the histamine liberators liberate 
per gram skin up to between 15 and 30yg. of histamine, but per gram muscle 
only between 0-1 and 0-3yg. This difference is due partly to the higher content 
of histamine in skin than in muscle, but also to the fact that most of the muscle 
histamine, unlike that of the skin, is resistant to the action of the histamine 
liberators. Even if we take into account the fact that skeletal muscle makes up 
about 50 % of the body weight, and skin only about 15 %, muscle would only 
be able to contribute per kg. body weight less than 0-2 mg. histamine, whereas 
skin might contribute 3 mg. or more, provided that the histamine liberator 
was evenly distributed by the bloodstream in these tissues. 

The different histamine liberators had to be injected in different amounts in 
order to release approximately the same amounts of histamine. The opium 
alkaloids had to be injected in amounts of a few mg. in order to release from the 
skin amounts of about 100ug. of histamine or more. A tenth of a mg. of 


4 
ag 
> 
y 
a 
be 


cr 


HISTAMINE RELEASE FROM SKIN AND MUSCLE 507 


_ propamidine released about 50g. of histamine, but 10ug. of compound 48/80 


were sufficient to release over 150g. of histamine. Compound 48/80 consists of 
several, probably three, phenylethylamine nuclei with a molecular weight of 
about 180 each. Each molecule of compound 48/80, therefore, released approxi- 
mately 70-90 molecules of histamine from the skin, or, if calculated for each 
phenylethylamine nucleus of the molecule, 20-30 histamine molecules. The 
statement of Rocha e Silva & Schild (1949) with regard to p-tubocurarine, that 
several molecules of a histamine liberator are required for the release of one 
molecule of histamine, certainly does not apply to compound 48/80. 

It is interesting to compare quantitatively the degree of depletion of 


~ histamine in different tissues by histamine liberators. Snake and bee venoms 


release histamine by enzymic destruction of the tissue and produce complete 
depletion. In contrast to these enzymes, the histamine liberators we examined 
do not produce visible structural damage. Nevertheless, the cat’s skin could be 
fully depleted by them. On the other hand, the cat’s gastrocnemius lost only 
a part of its histamine. According to Rocha e Silva & Schild, the muscle of the 
rat’s diaphragm loses at most about 70% of its histamine when exposed to 
p-tubocurarine. It appears that the histamine of different muscles, or of 
muscles of different species, is to a varying degree susceptible to the action of 
histamine liberators. This problem of the susceptibility of the tissue histamine 
in different organs, and in different species, and possibly also to different 
histamine liberators, is one which can fruitfully only be discussed when more 
data are available, but the ease with which the whole skin histamine can be 
released by histamine liberators without visible structural damage may be 
related to the fact that release of histamine in the skin is a normal response to 
a wide variety of stimuli and is continuously called into play under physiological 
conditions. 

The time course of histamine output from skin and from muscle differs. In 
perfused skin all the histamine is accessible to the action of histamine liberators, 
but the output is more prolonged than in perfused muscle and extremely 
variable. Nevertheless, the actual release from the skin may have occurred as 
quickly as in muscle. In the latter, the release regularly followed a typical 
exponential course, which suggests that the whole histamine release took place 
in a very short time into some space within the muscle, from which it was 
afterwards slowly rinsed out by the perfusing fluid.* If the process of release 

* Suppose that the histamine released diffuses rapidly throughout a space (V) which is then 
slowly rinsed out by perfusion, and that the histamine concentration in the space is h (initially h,) 
when the volume of perfusate which has passed after the moment of release is r ml. Then 

h=h, exp (-1/V). 

Therefore total output from the muscle in a volume of perfusate R = Vh, (1 - exp(-R/V)). 

Therefore fraction of the total output which is still within the muscle after a volume of perfusate 
R has perfused= exp(-2R/V), and V=that volume of perfusate which contains the first 
1 -l/e=63% of the total output. 
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were not abrupt, but were to proceed gradually during the perfusion, a smaller 
proportion of the histamine would be obtained in earlier stages of the perfusion 
than was actually found. It appears that the release itself is, therefore, of an 
explosive type. This would explain why the histamine release followed the same 
exponential course when the liberator, instead of being given by singleinjection, _ 
was slowly infused with the perfusing fluid. 

It is possible to calculate the hypothetical space into which the histamine is 
released in the muscle from the exponential constant of the release.* It was 
found to be on the average 21% of the muscle volume. It cannot be argued 
that this means that only 21° of the muscle was actually perfused, because 
arterial injections of indian ink at the end of each experiment showed that the 
whole substance of the muscle was well perfused. Therefore either the histamine 
liberator or the histamine itself is freely diffusible only in 21% of the volume 
of the cat’s muscle. This volume can hardly be other than the extra-cellular 
space, and it is into this volume that the explosive release of histamine appears 
to take place according to our view. If we assume that it is the histamine 
liberators which are freely diffusible only in 21% of the muscle volume, most 
of the muscle histamine would be inaccessible to them; this could explain why 
so much of the histamine content of muscle is ‘resistant’ to the histamine 
liberators. 

SUMMARY 

1. The depressor action of morphine on the cat’s blood pressure is associated 
with the appearance of small amounts of histamine in the plasma, but these 
amounts are insufficient to account fully for the depressor action of morphine. 

2. A number of histamine liberators were examined on the isolated, perfused 
gastrocnemius muscle and on an isolated, perfused piece of skin from the medial 
aspect of the thigh in cats. The preparations were perfused from the artery 
and the venous effluent collected and assayed for histamine. When no hista- 
mine liberators were given, the effluent contained no detectable histamine, or 
only traces. After the injection of histamine liberators, histamine appeared in 
the effluent; in the effluent from the skin its concentration could be higher 
than 1 in 200,000. In addition, histamine liberators produced vasoconstriction 
and oedema, effects which may both be due to the released histamine. 

3. Propamidine, D-tubocurarine, morphine, codeine, papaverine, thebaine 
and apomorphine, when injected into the artery of the perfused gastrocnemius 
muscle in amounts of a few mg., released several micrograms of histamine. 
The amounts that could be released, even with repeated injections, represented 
only a fraction of the total histamine content of the muscle. 

4. Propamidine, D-tubocurarine, morphine, codeine and antrycide, when 
injected into the saphenous artery of the perfused skin in amounts of a few mg., 


* See footnote on previous page. 
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released between 100 and over 300 ug. of histamine. The much stronger 
histamine liberator, compound 48/80, released over 150 yg. when injected in 
an amount of 10 yg. only. 

5. With compound 48/80 about 70-90 molecules of histamine were released 
by a single molecule of the histamine liberator from the perfused skin. 

6. The perfused skin, unlike the perfused gastrocnemius, could be almost ; 
completely freed of its histamine by the arterial injection of any of the 
histamine liberators tested. 

7. It is suggested that the release of histamine from the perfused tissues by 
the histamine liberators occurs explosively, and that the released histamine is 
al washed out gradually by the perfusing fluid. | 

. Itis suggested that the property of the opium alkaloids and apomorphine 
of vali histamine may account for some of the ‘allergic’ and histamine- — 
like side actions of these compounds in man. 
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PHYSIOLOGICAL SIGNIFICANCE OF THE SWEAT 
- RESPONSE TO ADRENALINE IN MAN 


By T. M. CHALMERS anv C. A. KEELE 


From the Department of Pharmacology, Middlesex Hospital 
Medical School, London, W. 1 ge 


(Received 14 February 1951) 


In his classic paper on the actions of adrenaline Elliott (1905) reported that 
human sweat glands were not excited by this substance. When Dale & Feldberg 
(1934) showed that the nerve supply to the sweat glands of the cat's footpad 
was cholinergic in type, the responsiveness of these glands to substances with 
muscarinic properties and the inhibition of secretion by atropine were readily 
explained. However, it has recently been shown by Kisin (1948), Sonnenschein, 
Kobrin & Grossman (1949), Haimovici (1950) and Wada (1950) that in most 
human subjects the sweat glands do respond to adrenaline, and Haimovici 
(1948, 1950) has indeed suggested that in man the glands may receive an 
adrenergic as well as a cholinergic innervation. — 

In this paper we describe experiments designed to determine the possible 
physiological significance of the sweat secretion evoked by adrenaline in man. 
Our observations have already been briefly reported (Chalmers & Keele, 1951). 


METHODS 


For the detection of sweating we have used an iodine-starch paper test (Randall, 1946), in which 
the skin is painted with 3% iodine in 95% alcohol and a piece of starch paper applied for $ min. 
to the test area: each active sweat gland imprints a dark blue dot on the paper. The secretory — 
responses to locally injected L-adrenaline tartrate and hydrochloride, pt-noradrenaline hydro- 
chloride, ephedrine hydrochloride and acetylcholine chloride were studied. The drugs were dis- 
solved in sterile normal saline and the concentrations are expressed in g./ml. of solution. The 
volume of injected solution was 0-01-0-05 ml. Atropine sulphate and the anti-adrenaline drugs 
dibenamine hydrochloride, dihydroergotamine tartrate (DHO), dihydroergocristine tartrate, 
piperoxane hydrochloride (933F) and tolazoline hydrochloride (Priscol) were introduced into the 
skin by intradermal injection or, in some cases, by iontophoresis (an electric current of 1 mA./cm.? 
being passed for 10 min. through a skin pad soaked in a 10-* or 10~ solution of the drug). 


RESULTS 
Responses to adrenaline 
Adrenaline was injected intradermally in the forearm in thirteen normal young 
adults. In eleven there was a local secretion of sweat at the site of injection: 
the smallest effective (i.e. threshold) concentration of adrenaline varied from 
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10-* to 10-7 in different subjects. In only two subjects was there no secretory 
response to 10-* adrenaline. Sweating was detectable within 30 sec. of the 
injection and persisted for up to an hour. In some subjects secretion was also 
elicited by noradrenaline, and a comparison of the threshold concentrations of 
adrenaline, noradrenaline and acetylcholine is shown in Table 1. It can be seen 
that sensitivity to the three drugs ran more or less parallel. There was, however, 
a difference in the rate of secretion of sweat as judged by the size of the dots on 
the starch paper, which were larger with acetylcholine than with the two 
vascoconstrictor drugs. 


TaBLE 1, Sweat responses to locally injected adrenaline, noradrenaline, and acetylcholine in man 
(The figures in the table show the smallest effective concentrations (in g./ml.) found to produce 
sweating on intradermal injection in the forearm. Sweating was detected by the iodine-starch 


paper method.) 

Subject L-Adrenaline t-Noradrenaline Acetylcholine 
D.H.H. No response No response No response 

C.A.K., 10-* 
G.M. 10-* 10-* 
M.K.M. 10-* 10-* 
10-5 
F 10-5 10-* 
E.P.S 10-* 
J.M 10-* 10-5 
G.L.8.P 10-* 5x10-* 
T.M.C 10-7 — 10-7 


No response =no response to 10-*. —=no observation. 


The response of the palmar sweat glands to adrenaline was also tested. After 
elimination of spontaneous sweating by procaine block of the median nerve at 
the wrist, a well-marked secretion of sweat was obtained at the site of injection 
of 10-* to 10-* adrenaline in three individuals, Acetylcholine, of course, also 
stimulates the palmar glands (Chalmers & Keele, 1949). 7 

Systemic administration of adrenaline did not produce detectable sweating. 
A subject who consistently showed a local sweat response to intradermal 
injection of 10-? adrenaline was given the drug by slow intravenous infusion at 
various rates up to 15 yg./min. without sweating. Intra-arterial (brachial) 
injections also failed to stimulate the sweat glands, although as much as 20 yg. 
was rapidly injected, both in this subject and in another whose sensitivity to 


intradermally injected adrenaline was slightly less. 


Ephedrine (1:300) was injected intradermally in two subjects, who were 
sensitive to intradermal adrenaline. No sweat response could be detected to 
ephedrine alone, and no potentiation of the adrenaline response was observed. 

Local introduction of atropine into the skin (0-2 ml. of a 10~ solution) 
prevented acetylcholine but not adrenaline responses. Adrenaline blocking 
agents, in suitable concentrations, selectively inhibited the adrenaline response 
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(Table 2). In all cases the blocking agent was injected 10-15 min. before the 
stimulant drug. 


Tasix 2, Effect of prior intradermal injection of adrenaline-blocking agents on 
sweat responses to locally injected adrenaline and acetylcholine 


Degree of inhibition 
Blocking agent Concentration 10-* 10-* 10-* 
Dihydroergotamine 10-* 2 — 1 0 
10-5 3; 1 0 
10-* — 2 2 
Dibenamine 10° 2 9 ~ 
Benzodioxane (933 F) 10-* — 0 
Priscol 10-5 — 90 
10-* 2 0 
10-* — 2. 0 


3=complete inhibition of sweat response; 2=marked inhibition of sweat response; 1 =slight 
inhibition of sweat response; 0=no inhibition of sweat response; —=not tested. Volume of 
solution of blocking agent was 0-2 ml. Volume of solution of adrenaline or acetylcholine was 
0-05 ml, Drug concentrations in g./ml. : 


Adrenaline inhibitors and atropine on reflex sweating 
The effect of blocking agents on nervously excited sweating was next studied. 
Reflex thermal sweating of the forearm was induced by heating the feet and 
legs for 20-30 min. DHO and Priscol, in concentrations which had been found 
to inhibit adrenaline sweating, had no effect on thermal sweating. On the other 
hand, intradermal atropine (10-* to 10-*) completely suppressed thermal 
sweating at the site of injection. Mental (emotional) sweating of the palms and 
soles was separately investigated in five normal and two hyperhidrotic subjects. 
Again secretion was found to be completely suppressed by local injection or 
iontophoresis of atropine, while adrenaline blocking agents had no such in- 
hibitory effect. 
Profuse sweating commonly occurs during attacks of hypoglycaemia. An 
opportunity arose to study the effect of atropine on this form of sweating in a 
patient undergoing an insulin tolerance test. 0-2 ml. of 10 atropine was 
injected intradermally in the subclavicular region, and a few minutes later the 
_ patient received an intravenous injection of insulin (0-1 unit/kg.). Generalized 
sweating soon appeared, but the area treated with atropine remained dry. 


| DISCUSSION | 

The sweat response to locally injected adrenaline is not inhibited by atropine. 
Therefore the complete suppression of nervously excited sweating by atropine 
very strongly suggests that in man all the nerve fibres which control sweating are 
cholinergic. This conclusion is supported by the finding that adrenaline-blocking 
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agents, in concentrations which inhibit adrenaline sweating, do not prevent or 
diminish nervously excited sweating. 

It was the observation that palmar sweating was suppressed by dibenamine 
which originally led Haimovici (1948, 1950) to suggest that human sweat glands 
were controlled by adrenergic as well as cholinergic nerves. But since the drug 
was given intravenously, and not locally, the anhidrotic effect may’ have been 
due to a central depressant action, similar to that of thiopentone in essential 
hyperhidrosis (Boyd & Jepson, 1950). It seems most unlikely that dibenamine 
had any peripheral blocking effect on the sweating mechanism in view of the 


_ profuse sweating noted in those individuals who vomited after the infusion. 


Therefore these observations provide no support for the concept of an adrenergic 
component in the nervous control of sweating. | 

There has been some confusion about the response of the palmar sweat 
glands to adrenaline. Elliott (1905) injected adrenaline into the palmar 
skin in one subject and observed no increase in local sweat gland activity. 
Sonnenschein ef al. (1949) reported no response in the palms in eleven of twelve 
subjects. Unless spontaneous secretion is first eliminated by nerve block, it 
may be difficult to evaluate responses in the palm. The effect of vasoconstriction 
in reducing the amount of secretion might well lead to the sudomotor effect of 
adrenaline being overlooked. Our results in subjects in whom the median nerve 
was blocked at the wrist show that the palmar sweat glands resemble the 
forearm glands in responding to both adrenaline and acetylcholine. 

The secretory effect of adrenaline does not appear to be due merely to 
expression of sweat from the ducts by stimulation of smooth muscle elements, 
since secretion may continue for over an hour. Nor can it be due to release of 
acetylcholine from the nerve endings, since it is not inhibited by atropine. Too 
much significance should not be attributed to the failure of intravenous and — 
intra-arterial adrenaline to elicit sweating: our experience has been that 
acetylcholine and mecholyl may also produce little or no sweat response when 
given systemically. The possibility that under certain conditions sweating 
might be caused by circulating adrenaline has not been excluded. It has 
been shown, however, that this is not the mechanism of sweating in insulin 
hypoglycaemia. Similar observations would be of interest in cases of phaeo- 
chromocytoma, since a pilomotor reaction sometimes accompanies the 
paroxysms of hypertension. 

In conclusion, we may state that there is no evidence for any adrenergic 
innervation of human sweat glands. Our results support the view that the 
nerve supply is solely cholinergic, as shown by Dale & Feldberg in the cat. 
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SUMMARY 
1. It has been confirmed that intradermal injection of adrenaline or nor- 
adrenaline usually induces sweating in the skin of the palm or forearm in man. 
2. This response is prevented by prior injection (locally) of adrenaline- 
blocking agents such as dihydroergotamine, dihydroergocristine, dibenamine 
_and tolazoline, but not by atropine. 
_ 38. Locally introduced adrenaline-blocking agents do not prevent thermal 
sweating in the forearm or mental sweating in the palms, Atropine inhibits 
both types of sweating. 
4. There is no evidence that the secretory response of human sweat glands to 
adrenaline has any physiological significance. 


REFERENCES 


Boyd, A. M. & Jepson, R. P. (1950). Post Grad. med. J. 26, 371. 

Chalmers, T. M. & Keele, C. A. (1949). J. Physiol. 109, 31 P. 

Chalmers, T. M. & Keele, C. A. (1951). J. Physiol. 118, 9 P. 

Dale, H. H. & Feldberg, W. (1934). J. Physiol. 82, 121. 

Elliott, T. R. (1905). J. Physiol. 32, 401. 

Haimovici, H. (1948). Proc. Soc. exp. Biol., N.Y., 68, 40. 

Haimovici, H. (1950). J. appl. Physiol. 2, 512, 

Kisin, E. E. (1948). Abstracted in Chem. Abstr. 1949, 48, 2323. 

Randall, W. C. (1946). Amer. J. Physiol. 147, 391. 
_ Sonnenschein, R. R., Kobrin, H. & Grossman, M. I. (1949). Amer. J. oo 
Wada, M., (1950). Science, 111, 376. 


in 
on 
> 
"ye 
JR 
‘ 
— 
x 
‘ 
> 
& 


515 
J. Physiol. (1951) 114, 515-520 


THE INHIBITORY ACTION OF ACETYLCHOLINE WITH 
SPECIAL REFERENCE TO SMALL DOSES 


By--R,.J..8. McDOWALL R. WATSON 
Department of Physiology, King’s College, London 


(Received 10 March 1951) 


It has long been known that acetylcholine stimulates denervated muscle 
(Frank, Nothmann & Hirsch-Kauffmann, 1922; Dale & Gasser, 1926; Dale 
& Gaddum, 1930; Brown, 1937). It was pointed out by these workers that 
after a large dose of acetylcholine there was a loss of excitability both to 
subsequent doses of acetylcholine and to electrical stumuli. 

In the present investigation this depressant action has been specially studied, 
and for this purpose the isolated rat diaphragm was used. 


METHOD 


The method used was a modification of that described by Biilbring (1946), the most important 
difference being the use of Krebs’ solution (see Hajdu, Knox & McDowall, 1950). Stimulation was 
by means of an electronic stimulator, giving square waves of 2 msec. duration. The preparation 
was totally immersed in the solution, and the stimulus was applied by means of a wire attached to — 
the lever and an electrode at the base of the preparation. 

Denervation was carried out on the right side by section of the roots of the phrenic nerve in the 
neck, and 10 days were allowed for degeneration. A positive reaction to acetylcholine was con- 
sidered an adequate test of the efficiency of the denervation since normal muscle is not responsive. 


RESULTS 
It is convenient to group results according to the size of dose. 


Large doses 
The main results of previous workers were confirmed. Doses upwards of 
20ug. in a 50 ml. bath gave well-marked contraction, but, for purposes of 
control, doses of over 100ug. were used. As pointed out by Dale & Gasser 
(1926), the responses to such doses are self-limiting, that is, the contraction 
produced is maintained only for a few minutes and is followed by relaxation 
(Fig. 1). Thereafter, the preparation does not respond to electrical stimulation 
or subsequent addition of ee unless it is first washed with fresh 

Krebs’ solution. 
PH, OXIV. | 34 
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Studies of the concentration of the acetylcholine in the bath, made on the 
frog’s rectus muscle, showed that the relaxation was not due to destruction of 
the acetylcholine. Dale & Gasser (1926) came to the same conclusion, since 
they found that a contraction curve of the same shape was produced whether 
a single dose of acetylcholine was injected or a continuous infusion was used. — 
The failure of the tissue to maintain a contraction may therefore be due to its 
adaptation to a persisting concentration of acetylcholine. It appeared possible 
that a study of the effects of repeated small doses might give useful information — 
about its nature, 


Fig. 1. The effect of a large dose (350yg.) acetylcholine at the arrow on the response to electrical 
stimulation (throughout). Time, 1 min. 


Small and minute doses 


If small doses of 5 or 10g. are used, and if insufficient time is allowed for 
adaptation, the first may give no response but the second may do so, although 
subsequent doses give less and less response (Fig. 2) until it may be absent 
altogether. As the acetylcholine is added there is a steady falling off of the 
response to electrical stimulation until it is absent altogether. At this stage 
there may be no response to large doses of acetylcholine which previously, and 
again after washing, elicit a marked response. 

If still smaller doses of acetylcholine are used, little or no récordable con- 
traction with each dose may be seen. Sometimes a slow contracture is pro- 
duced, but throughout there is a steady depression of the response to electrical 


stimulation until both that and the response to large doses of acetylcholine are 
absent or very small (Fig, 3). : : 
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The effect of drugs on the depression of response 
p-T'ubocurarine. The depressed state of the muscle is clearly due to the 
continued presence of the acetylcholine in the bath, for it is relieved by 


p-tubocurarine (Fig, 4). 


ACh each time 


Fig. 2. The effect of a series of small doses (5ug.) of acetylcholine at each arrow in reducing the 
response to 50 ug. acetylcholine, The effects of control doses at the beginning of the experiment 
and after washing with fresh solution are seen. Time, 1 min. 


tug. ACh 2yug. ACh each time 70 ug. 70 yg. 
each time ‘ACh ACh 


Fig. 3. The effect of a series of minute doses (2yg.) acetylcholine in depressing the response to 
electrical stimulation and the response to 70yg. acetylcholine, with the recovery of the 
response to the latter after washing at W. Time, 1 min. 


Adrenaline, etc. Even in the presence of acetylcholine the responses to 
electrical stimuli may be revived by treatment with sympathomimetic drugs, 
of which isopropylnoradrenaline (Fig. 5) and ephedrine (Fig. 6) are more 
effective then u-adrenaline, noradrenaline, or extracts of the animal’s own 
adrenal glands, These drugs do not bring about a return of the response to 
acetylcholine, even when the response to electrical stimuli has returned to 
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Sug. ACh 50 pg. 
each time 
Fig. 4. The effect of 50ug. D-tubocurarine on the responses to electrical stimuli as reduced by 
repeated doses of 5yug. acetylcholine. Time, 1 min. 


10peg. . 
ACh _ isop.-norad. 
Fig. 5. The of recovery of the response to 
electrical stimulation depressed by 10yg. acetylcholine. Time, 1 min. 


350g. 350g. 

ACh Eph. 
Fig. 6. The effect of ephedrine (350yg.) at the second arrow in bringing about recovery of the 
electrical response depressed by a large dose (350yg.) acetylcholine. A piece of the tracing has 
been removed in the middle to facilitate reproduction. Time, 1 min. 
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normal. They also prevent the depression of the response to electrical stimu- 
lation, but do not affect the response to acetylcholine (Figs. 5, 6). 

Atropine. In ordinary doses, atropine is without effect on all responses of 
the diaphragm to acetylcholine, but all are abolished by very large (9 mg.) 
doses. 

DISCUSSION 


tt is ee that minute doses of acetylcholine, which themselves do not 
stimulate, or do so very slightly, can produce a readily reversible depression 
of the denervated rat diaphragm which ceases to be excited by electrical 
stimuli or by doses of acetylcholine which previously stimulated it. It is 
generally agreed that acetylcholine excites by depolarization, and in the absence 
of diregt experimental proof (which is very difficult to obtain because of the 
necessity to keep the preparation in fluid) it may be suggested that the small 
doses of acetylcholine lead to a slow depolarization of the preparation. This 
view is supported by the observations of Burns & Paton (1950) on larger doses, 
and by the fact that the depression is removed by substances like adrenaline 
which repolarize. 

The results emphasize that whether or not acetylcholine stimulates depends 
not primarily on its concentration but on the speed with which its concentration 
is increased. 

The fact that the additon of sympathomimetic drugs during a depression 
causes the restoration of the response to electrical stimuli but not that to 
acetylcholine is specially interesting. It appears to suggest that the depression 
has been of a twofold nature at the end-plate and in the muscle. The adrenaline 
by acting on the muscle renders it responsive to direct electrical stimulation 
while the acetylcholine, which stimulates at the end-plate, remains blocked. 
This special liability of the end-plate as distinct from the muscle to block has 
been emphasized by Burns & Paton (1950) and by Fatt (1950). That the 
stimulating action of adrenaline is on the muscle rather than at the neuro- 
muscular junction has been demonstrated by Brown, Biilbring & Burns (1948), 
and this is confirmed by the fact that the stimulating action of adrenaline may 
be shown on denervated muscle (Hajdu & McDowall, unpublished). 


SUMMARY 


1. It is shown that not only large doses but also repeated minute doses of 
acetylcholine render a denervated rat diaphragm preparation inexcitable by 
electrical stimulation or by doses of ar which previously caused 
excitation. 

2. The depression produced by acetylcholine is reduced or abolished by 
sympathomimetic drugs such as adrenaline and ephedrine and by p-tubo- 
curarine. 
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VARIATIONS IN THE CIRCULATION OF THE PORTAL 
VENOUS BLOOD WITHIN THE LIVER 


By P. M. DANIEL anp MARJORIE M. L. PRICHARD 


From the Department of Pathology, Radcliffe Infirmary, the Nuffield 
Departavnt of Surgery, and the Nuffield Institute for Medical Research, 


Uniwersity of Oxford 
(Recewed 16 March 1951) 


The object of this investigation was to determine whether the liver is subject 
to alterations in the distribution of the blood flowing through it, comparable 
with those recorded in the circulation of the kidney (Trueta, Barclay, Daniel, 
Franklin & Prichard, 1947). The physiological studies here reported are confined 
to observations on the portal venous blood flow through the liver, as demon- 
strated by angiographic methods (Daniel & Prichard, 1949; Prichard, 1950). 
In addition, some features of the anatomy of the vascular arrangements of the 
liver are described, an appreciation of which is necessary for the interpretation 

of the physiological findings. A brief report of these irvestigateons has already 
been given (Daniel & Prichard, 1951 a). 

The principle of the technique employed in the physiological studies is to 
record by rapid serial radiography (direct cine-radiography) the passage through 
the liver of contrast medium injected into a tributary of the portal vein. By 
this method it is possible to visualize the portal blood flow in what is virtually 
an intact animal and thus obtain direct evidence of any changes which may 
occur in its circulation cenit the liver (Barclay, Franklin & Prichard, 1942, 
1944). 

METHODS 
For the angiographic studies of the portal venous blood flow through the liver in the normal animal, 
experiments were performed on seventy-four animals in all, namely, forty-nine rats, twelve cats 
(including six kittens), seven rabbits, two guinea-pigs, two young pigs and two young goats. The 
experiments in which partial hepatectomy was performed, to which reference is made, were carried 
out on a total of forty-two animals, chiefly rate, but including also guinea-pigs, young rabbits and 
to different stages of digestion, the animals were allowed no access to food (but were not deprived 
of water) after the late afternoon of the day preceding the experiment. In the majority of experi- 
ments pentobarbitone was used as a basal anaesthetic, supplemented when necessary by ether; 
occasionally, particularly in the partial hepatectomy experiments, ether alone was given. . 
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The operati procedure required for angiography consisted of a laparotomy and an injection : 
abdomen a loop of intestine (generally ileum) was gently withdrawn to expose a small tributary 
of the superior mesenteric vein. Into this vessel contrast medium was injected from a syringe 
through either a hypodermic or serum needle, or in some cases through a fine cannula. The needle 
or cannula used was of the smallest gauge which permitted the requisite amount of contrast medium _ 
to be injected within a period of approximately 1-5 or 2-0 sec. In the case of rats, for example, 
a no. 18 gauge hypodermic needle was used. The contrast medium used was thorotrast (a colloidal 
preparation containing 25% thorium dioxide), which was injected at body temperature and in an 
amount proportional to the animal’s body weight. The larger animals were given from 0-5 to _ 
1-0 ml./kg., but for the smaller ones a larger dosage was found to be necessary; rats, for example, 
received 0-2 ml./100 g. body weight. | 

For recording the circulation of the injected contrast medium through the liver serial radiographs _ 
were taken at a rate of 2, or occasionally 1, per sec. over a period of about 9-12 sec. The exposure 
time of each individual radiograph of the serial record was 0-05 sec. The majority of the angio- 
graphic records were made in the ventro-dorsal projection, but for some experiments a lateral 
position was used. | 

The operation of partial hepatectomy was performed as follows. Under ether anaesthesia and 
with aseptic precautions a short mid-line incision was made in the abdomen immediately below 
the xiphisternum. The left and central lobes of the liver were gently drawn forward, the peritoneal 
attachments were cut, and a length of thick braided silk was passed round the common root of 
these lobes. This ligature was tied gently but firmly, care being taken not to tear the liver substance. _ 
The hepatic tissue was then cut away distal to the ligature and as close to it as possible, and the 
abdominal wound was closed with sutures. The amount of tissue removed represented about two- 
thirds of the total liver volume. 

The anatomical arrangements and relations of the various vascular systems of the liver were 
studied in preparations injected with various masses by methods similar to those used in the study 
of the vascular arrangements of the kidney (Trueta et al, 1947, pp. 43-7). The livers of many species 
of animal, including man, were used in this part of the investigation. 

RESULTS 
In examining the serial angiographic records a particular study was made of 
three aspects of the portal blood flow through the liver as demonstrated by the 
circulating contrast medium: 

1, The pattern of the vessels of the portal tree. 

2. The distribution of the portal venous blood flow within the liver. 

3. The time taken for the blood to pass from the portal vein through the 
liver to the hepatic veins and the inferior vena cava. (With a time interval of 
0:5 sec. between successive radiographs an assessment of the transhepatic 
circulation time can be only approximate.) _ 

In the angiographic study of the portal venous circulation in the normal 
animal (i.e. an animal subjected to no operative procedures other than those 
required for the making of one angiographic record) more records were obtained 
_ from the rat than from animals of any other single species. Examination of 
the angiographic material showed that the records of the rats and also of the 
young cats could be divided into two main groups, because of certain marked 


differences in the picture of the portal venous blood flow through the liver 
which they presented. ! 
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(a) In the one group, the larger, the circulation contrast medium perfused 
the whole of the liver; in the following account angiograms which show this 
picture of a complete perfusion will be deemed to illustrate the normal intra- 
hepatic circulation of the portal venous blood, although in the light of the 
present findings it seems probable that considerable variations in the extent of 
the perfusion can occur within the range of ‘normality’. 

(5) In the other, smaller, group of rats and young cats the liver was only 
partially perfused, and the angiograms of these animals demonstrate what will 
be termed a ‘restricted intrahepatic circulation’ of the portal venous blood. 
In the limited numbers of animals of other species used in this study of the 
normal animal the angiographic picture of a restricted intrahepatic circulation, 
recorded in some of the rats and young cats, has not as yet been seen. 

The account which follows of the normal portal venous blood flow describes 
the circulation as seen in the angiograms of the rat, but in essentials it applies 
equally well to the picture of the circulation seen in animals of the other species 
studied. 

Normal intrahepatic circulation of portal blood 

Although both the shape and position of the liver and also the arrangement 
of its major venous trunks differ somewhat in the various species, the character- 
istic features of the portal venous blood flow, as seen in serial angiograms, are 
the same in all. On reaching the organ the circulating thorotrast is seen to enter 
the main branches of the portal vein which supply the various lobes (PI. 2, 
fig. 3a), the more proximal branches (i.e. those supplying the lower right and 
the omental lobes) filling first. In general, the lobes on the right of the liver 
receive a somewhat greater proportion of the injected contrast medium than 
do those on the left. From each of the primary lobar portal trunks the contrast 
medium passes uniformly into its offshoots (Pl. 1, fig. 1a), and these are seen 
diminishing in size until the tenuous shadows which indicate the finer vessels 
disappear beyond the limit of visibility. By this time the injection has usually 
been completed, and normal (non-opaque) blood following behind the thorotrast 
progressively clears the shadow from the portal vein and tree. Meanwhile, the 
thorotrast is evenly dispersed throughout the sinusoids, giving a diffuse opacity 
to the whole organ. At this, the ‘sinusoidal stage’ of the portal venous circu- 
lation, the profile of the liver is sharply defined, particularly on the cranial and 
right lateral aspects, where the margin of the silhouette seen makes a clear-cut 
and smoothly rounded curve (Pl. 1, fig. 16; Pl. 2, fig. 3c). Soon after the peak 
of thig stage the larger hepatic veins begin to be visible against the background 
of the sinusoidal shadow. As the sinusoids empty the hepatic veins are for | 
a short while progressively better filled, and then the shadows of these veins in 
their turn also fade away. The thorotrast is seen in the inferior vena cava 
immediately after its appearance in the hepatic veins. In the intrahepatic 
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segment of the. inferior vena cava the outflow of contrast medium from the 
more caudal of the hepatic veins generally forms two streams which pass up the 
vessel keeping close to its right and left walls respectively (Pl. 1, fig. 1c). The 
relative translucency between these streams is due to an axial stream of non- 
opaque blood of post-hepatic caval origin. In the thoracic segment of the 
inferior vena cava streamlines of thorotrast are also frequently seen. The outflow 
from the hepatic veins into the inferior vena cava is seen to be influenced by 
respiratory movement, being greater in the phase of inspiration than in that of — 
expiration. 

The ‘transhepatic circulation time’, as indicated by the time interval 
between the first appearance of the contrast medium in the portal tree and its 
first appearance in the hepatic veins and the inferior vena cava, was found, in 
general, to be somewhat shorter in the smaller animals (i.e. rats, young cats, 
guinea-pigs) than in the larger ones. In rats, for example, in which the contrast 
medium perfused the entire liver, the circulation time, measured in this way, 
ranged from 1:5 to 3-0 sec. (mean =2°3 sec.). In adult cats, rabbits, young pigs 
and young goats, in which the liver was completely perfused, the circulation 
time was found to be in the range of from 2-5 to slightly more than 3 sec. To 
ascertain whether this time represents the circulation time of the normal portal 
flow and is not determined to an appreciable extent by the speed or pressure 
of the nearby injection, some additional experiments were carried out on cats 
and rabbits. In each of these experiments two angiographic records were made, 
the first recording the circulation through the liver after contrast medium had 
been injected at a remote site (i.e. retrogradely into a carotid artery), the 
second recording the circulation after contrast medium had been injected into 
@ mesenteric vein in the usual way. The two records thus obtained from each 
animal showed a close correspondence in the transhepatic circulation 
time. 


Restricted intrahepatic circulation of portal blood 

The angiographic picture of a restricted intrahepatic circulation has certain 
characteristic features. The intrahepatic portal tree, as shown by the injected 
contrast medium, presents a somewhat stunted appearance and the more 
peripheral segments of the vessels do not fill (Pl. 1, fig. 2a; Pl. 2, fig. 4a). The 
blunt terminations of the short branches form a striking contrast to the delicate, 
far-reaching ramifications of the portal venous tree which are seen in the more 
usual picture of the circulation (PI. 1, fig. 1a). The limited portion of the hepatic 
vascular bed which is perfused is even better seen when the contrast medium 
reaches the sinusoids and gives a general opacity to the filled territories. The 
sinusoidal shadow is confined to the areas immediately surrounding the stubby 
portal vessels, and the more peripheral parts of the liver are entirely devoid of 
contrast medium (PI. 1, fig. 2b; Pl. 2, fig. 4b,c). The margins of the shadow 
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indicating the filled areas are irregular, and frequently the edge is hazy, giving 
the impression that the picture has been blurred by movement, although this 
is not the case, Altogether, with its irregular outlines and uneven density, 
the shadow presents a patchy or fluffy appearance, wholly different from that 
more commonly seen in the sinusoidal stage. The partial perfusion of the liver 
is still seen at the hepatic venous stage, when the shadow of the circulating 
contrast medium appears only in those segments of the hepatic veins which lie 
relatively near the hilum. A more striking feature of these veins, however, is 
the fact that they fill at a noticeably earlier stage than they do in animals 
which show the normal picture of the circulation (compare Pl. 2, fig. 4 with 
fig. 3). Contrast medium is, in fact, frequently seen in the hepatic veins and in 
the inferior vena cava, while the portal vessels are still well filled. Moreover, 
the clearance of the shadow, first from the sinusoids and then from the hepatic 
veins, is more rapid than it is in animals in which a perfusion of the whole of 
the liver is seen (compare Pl. 1, fig. 2c with fig. 1c), and the density of the 
shadow reaching the inferior vena cava is greater (compare PI. 2, fig. 4c,d with 
fig. 3d). 

To make clear the difference between the partial perfusion of the liver 
observed in some animals and the complete perfusion of the organ more 
commonly recorded, the picture of the partial perfusion has been described as 
seen in its more striking form. In such a case relatively large territories at the 
periphery of the liver are unperfused by the circulating contrast medium, and 
the latter makes its transhepatic passage by a route which is mainly confined to 
the hilar regions of the organ. In other cases-only small areas at the periphery 
of the liver fail to be perfused. When the liver is only partially perfused the 
transhepatic circulation time is in general shorter than usual, and the degree 
of reduction in the transit time appears usually to be related to the extent of 
the perfused portion of the hepatic vascular bed; the smaller the area of the 
shadow indicating the perfused territories the more rapidly does the contrast 
medium pass from the afferent to the efferent vessels of the liver. In extreme 
cases, in which the circulating thorotrast is making its passage through the 
liver by a route which is largely confined to the hilar region, the time taken for 
the contrast medium to pass from the larger branches of the intrahepatic portal 
tree into the main hepatic veins and inferior vena cava may be | sec. or even 
less. The longest transit time recorded in any normal rat, for example, in 
which the liver was only partially perfused was 2 sec., the mean time in such 
rats being 1-4 sec. 

The rapid transit of the contrast medium from the afferent to the efferent 
veins of the liver and the location of its shadow in its passage through the 
organ, taken in conjunction, clearly show that in these animals the portal 
venous blood flow is being transmitted by a restricted and relatively short 
route. 
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Such a restriction of the intrahepatic circulation of the portal venous blood, 
in a greater or less degree, was observed in nearly one-third of both the rats 
and the young cats which were used in the study of the portal circulation in 
the normal animal (i.e. one subjected to no procedure other than a small 
laparotomy and an injection of contrast medium). The spontaneous occurrence 
of this circulatory phenomenon has not been observed in the limited numbers 
of larger animals which have so far been used in this particular study. On the 
other hand, the same or a somewhat similar deviation from the normal circu- 
lation has been seen to occur in the cat and rabbit, as well as in other species of 
animal, after stimulation of the hepatic nerves (Daniel & Prichard, 19515). 


Restricted intrahepatic circulation of portal blood after partial hepatectomy 

Although the experiments on partially hepatectomized animals were designed 
primarily for the purpose of studies which are not described in this paper, they 
are mentioned here because they provided some of the most striking examples 
of the phenomenon of a restricted circulation in the rat, cat and guinea-pig. 
Nearly all the angiographic records of the portal circulation which were made 
in the early stages after partial hepatectomy, e.g. 24 hr. after operation, show _ 
the injected contrast medium perfusing only a small part of the remaining liver 
lobes. The blunt terminations of the shadows in the major intrahepatic portal 
branches and the absence of any contrast medium in the peripheral segments 
of these vessels are noteworthy and constant features of the picture (PI. 3, 
figs. 6a, 7a; Pl. 4, fig. 8b). Equally characteristic is the relatively small area 
of shadow seen at the sinusoidal stage of the circulation (Pl. 3, figs. 65, c, 75, c; 
Pl. 4, fig. 8c). From the position of the shadow which is seen at this, or indeed 
at any other, stage of the hepatic circulation, it is clear that the circulating 
contrast medium is passing through the remaining liver substance by channels 
which are situated in the more central and hilar parts of each lobe, and that 
it fails to perfuse large territories at the periphery. Further, the time taken 
for the transhepatic passage of the contrast medium is markedly reduced. 

The retrograde filling of various tributaries of the mesenteric and portal 
veins, particularly the splenic vein, which is seen in the early stages after 
partial hepatectomy (PI. 3, figs. 6, 7; Pl. 4, fig. 8b,c), suggests that at the time © 
- the angiograms were made the portal blood flow was meeting an unusually high 
resistance in the hepatic vascular bed. | 


Anatomical considerations 
In the account here given the anatomical arrangements of the hepatic 
arterial system will not be considered, although the relations of the terminal 
vessels of this system to the terminal vessels of the portal venous system and to 


the ‘sinusoids constitute an important factor in the general problem of the 
hepatic circulation. Whether or not a change in the arterial blood flow of the 
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liver is associated with the restricted intrahepatic circulation of the portal 
venous blood is at present unknown. 

Our anatomical studies have provided no indication that any communications 
other than sinusoids exist between the afferent and efferent venous systems of 
the liver. They have shown, however, that the arrangements of the portal and 
hepatic venous systems respectively are such that the vessels of these two 
systems, together with the sinusoids by which they are everywhere connected, 
enable the portal blood to pass through the parenchyma of the liver both by 
longer, more peripheral, pathways and also by shorter, more central, routes. 

The vessels which constitute the main trunks of the portal and the hepatic 
venous trees respectively enter and leave the liver at points not far distant 
from each other. In the multilobed liver of most laboratory animals each lobe 
has, in fact, a well-defined vascular hilum which is common to the main afferent 
and efferent venous trunks of the lobe.* Springing from this common hilum 
the portal and hepatic venous trees ramify to carry the blood to or from all 
parts of the lobe. Everywhere only a thin layer of liver parenchyma separates 
a branch of the portal venous tree from a corresponding branch of the hepatic 
venous tree, and the vascular arrangements are such that throughout the liver 
this intervening layer of parenchyma affords short channels of communication 
between corresponding vessels of the two trees. 

Injected preparations show clearly that main stems of both the portal and 
hepatic venous systems all along their course not only divide into large branches 


- but also give off small twigs (Pl. 5, figs. 11, 13). The large branches, after a 


series of further subdivisions, finally break up into terminal vessels which supply 
or drain the sinusoids of the intervening parenchyma in the most peripheral 
parts of the liver. The small twigs, on the other hand, are themselves terminal, 
or immediately pre-terminal, vessels, and these supply or drain the sinusoids of 
the thin layer of hepatic tissue interposed between the main afferent and efferent 
stems in the deeper parts of the liver. 

Thus while throughout the liver the parenchyma is supplied and drained by — 
terminal vessels of the portal and hepatic venous trees, the point at which 
these terminal vessels spring from their respective trees differs according to 
whether the parenchyma concerned is superficial or deep in the liver. Paren- 
chyma at the periphery of the organ is supplied by terminal vessels which form 
the most distant ramifications of the portal tree (Pl. 5, fig. 10), but parenchyma 
in the more central and hilar regions of the liver, where it invests the major 
afferent and efferent vessels, is supplied by terminal vessels which arise directly, 
or almost directly, from a main stem of this tree (Pl. 5, fig. 11). Similarly, on 
the efferent side, parenchyma at the periphery of the liver is drained by small 
vessels which occupy a remote position on the hepatic venous tree (PI. 5, fig. 12), 


* In the human liver no such clear-cut hilum is apparent on superficial inspection, but neverthe- 
less the main vessels of the two systems respectively enter and leave the organ in its central region. 
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whereas parenchyma in the more central regions of the organ is drained by 
small vessels which open directly, or almost directly, into a main stem of this 
tree (Pl. 5, fig. 13). . | 

‘The arrangements described above clearly make it possible for the paren- 
chyma in every part of the liver, from the hilum to the periphery, not only to 
receive its share of the portal venous blood, but also to receive and discharge 
it by the most direct route possible (Pl. 6, fig. 14). Because of these arrange- 
ments there exist innumerable pathways within the liver by which the portal 
blood can make its transhepatic passage (Text-fig. 1). These pathways, however, 
are not all of the same length. Since the blood both enters and leaves each lobe 
at approximately the same point, i.e, its hilum, the distance which it has to 
travel in passing from the main portal vein to the inferior vena cava differs 
according to the position in the liver of the parenchyma which it perfuses. The 
nearer the parenchyma is to the hilum the shorter is the distance the blood has 
to travel, and vice versa. 


DISCUSSION 


The first question to be considered is whether the picture of the circulating 
contrast medium seen in the serial angiograms accurately represents the dis- 
tribution and flow of the portal venous blood itself, or whether the phenomenon 
which has been termed a restricted circulation of the portal venous blood is 
attributable to some artifact produced by the technique employed. 

It must be remembered that the conditions under which the portal circulation 
has been studied cannot be regarded as normal, in the strictest sense of the 
term, since the animals were given a general anaesthetic and subjected to 
laparotomy, a slight manipulation of a loop of gut and an injection of contrast 
medium into a small mesenteric vein. 

To avoid abdominal interference retrograde carotid arterial injections were used in some experi- 
ments, but owing to the dilution which the contrast medium suffered before it reached the liver 
the hepatic angiograms so obtained were relatively poor. Thus, although it was found possible to 
use such injections for the assessment of circulation times, they did not provide an adequately 
clear picture of the distribution of the blood flow within the liver. 

Thorotrast is freely miscible with blood, and all the available evidence 
indicates that this contrast medium causes no vascular reaction, in contra- 
distinction to some of the iodine compounds which may also be used in angio- 
graphic studies. It is true that the injection of the contrast medium must cause 
a temporary disturbance of the haemodynamics of the portal venous system. 
Such an injection has, however, been found to cause little if any rise in the 
portal pressure (as measured in the splenic or a mesenteric vein), except in 
those cases in which a high portal pressure has already been induced, e.g. by 
stimulation of the hepatic nerves; in such circumstances the injection may 
momentarily cause a noticeable additional rise in the portal pressure, Further, 
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Surface of liver 


Hilum 
Text-fig. 1, Diagrams to show the various pathways by which the portal venous blood can make 
its passage through the liver. (a) Schema, showing a main branch of the portal venous tree 
and a main branch of the hepatic venous tree. The branches of the two systems are separated 
by a layer of liver parenchyma, which is supplied from, and drains into, the adjacent afferent 
and efferent stems respectively through small vessels such as those illustrated in Pls. 4-6, 
figs. 9-14. These small vessels are omitted in this diagram, but are shown schematically in 
(>) and (c). The sinusoids of the intervening parenchyma, together with the small vessels by 
which they are supplied and drained, provide pathways (indicated by arrows) through which 
the blood can pass from portal'to hepatic systems in all zones of the liver from hilum to 
periphery. (6) and (c) show schematically some of the small vessels including sinusoids 
(interrupted lines) which connect stems of the portal and hepatic venous trees. 
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the venous side of the splanchnic vascular bed is of such great capacity that, 
unless the portal pressure is unduly high, it would appear to be adequate to 
absorb the temporary increase in volume and pressure caused by the injection, 
and prevent this from affecting the vessels in the liver. 

Consideration has been given to the question whether the angiographic 
picture, illustrating the phenomenon of a restricted intrahepatic circulation, 
could have been produced by embolism from a trace of air which had inad- 
vertently been introduced with the injected contrast medium. This possibility 
suggested itself, after a close scrutiny of the angiograms had revealed that in 
a few cases a very minute air bubble was present in the contrast medium when 
this passed up the mesenteric vein. Such a trace of air has been detected in 
several of the angiographic records which demonstrate a restricted intrahepatic 
circulation, but by no means in all of them, and a similar trace of air has also 
been seen in angiograms which do not show this picture of the portal circulation. 
In an attempt to determine whether minute air emboli can in any circumstances 
induce the phenomenon described as a restricted circulation (i.e. a rapid flow 
through only the more central regions of the liver), a group of experiments was 
performed in which a trace of air was deliberately introduced into the portal 
venous system, immediately prior to the injection of the contrast medium. The 
results of these experiments indicated that the phenomenon is not attributable 
to air embolism per se, but that the introduction of a trace of air with the 
contrast medium may possibly have been a factor which occasionally con- 
tributed to its occurrence. | 

Having assessed all the available facts the authors have come to the conclusion 
that the restricted intrahepatic circulation of the contrast medium observed in 
the serial angiograms of some animals is not an artifact attributable to the 
technique used for demonstrating the portal blood flow, but that it illustrates a 
physiological variation in the intrahepatic circulation of the portal venous blood. 
A study of the design and relations of the intrinsic vessels of the liver has 
shown not only that there are innumerable pathways by which the portal 
venous blood can make its transhepatic passage but also that the longest of 
these pathways are those which serve the parenchyma at the periphery of the 
liver and the shortest are those which transmit blood through the parenchyma 
near the hilum (Text-fig. 1; Pl. 6, fig. 14). The different appearances seen in 
the angiograms are clearly due to differences in the use made of these various 
pathways by the circulating contrast medium. The angiograms of the larger 
group of animals (Pl. 1, fig. 1; Pl. 2, fig. 3) illustrate the circulation of the 
portal blood under conditions in whith all the pathways are being used, 
i.e. when the sinusoids of the whole parenchyma, and particularly those 
at the periphery of the liver, are transmitting this blood. The angiograms of 
the smaller group (Pl. 1, fig. 2; Pl. 2, fig. 4) illustrate the circulation of the 
portal blood under conditions in which greater use is being made of pathways 
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situated in the more central and hilar regions of the liver lobes, and less or even 
no use is being made of the pathways situated at the periphery; in this case 
the sinusoids of the parenchyma intervening between main stems of the portal — 
and hepatic venous trees respectively in the central and hilar regions are 
transmitting all, or nearly all, of the portal venous blood flow (see, e.g., Pl. 6, 
fig. 140). 

The rapid appearance of the circulating contrast medium in the hepatic 
venous system and in the inferior vena cava, which is associated with the 
picture of a partial perfusion of the liver, can be explained partly by the fact 
that the contrast medium makes its passage through the liver by the shorter 
routes in the central and hilar regions and does not traverse the longer routes 
involved in a more peripheral circuit. It seems possible, however, that an 
additional factor is sometimes involved, namely a dilatation, active or passive, 
of the vessels of the central and hilar regions. For, in the absence of such 
a central vasodilatation, it is difficult to account for the great and rapid flow 
through a relatively small portion of the organ, which is seen in the most 
striking examples of the restricted intrahepatic circulation (PI. 2, fig. 4). 

The dense shadow in the inferior vena cava which is seen in angiograms 
showing the restricted intrahepatic circulation (Pl. 2, fig. 4) indicates that 
there has been relatively little dilution of the contrast medium by admixture 
with non-opaque blood in the course of its circulation. The most likely explana- 


tion of this finding is the relatively small portion of the liver which is perfused 


in these circumstances, Contrast medium becomes much diluted in its passage 
through the capillary bed of any organ, and this dilution appears to be due 
to a combination of two factors, namely, the large cross-sectional area of 
a capillary bed and the great number of vessels which comprise this bed. 
Admixture of the circulating contrast medium with non-opaque blood occurs 
at the leading and trailing ends of the column of contrast medium, the points 
at which the two fluids are in contact, and this admixture is increased at any 
division of the perfused vessel by the turbulence which occurs in the flow at 
such a division of the stream. Any increase in the cross-sectional area of the — 
perfused vessels and any increase in the number of these vessels must cause 
a greater admixture of the two fluids, on the one hand by extending the area 
of their points of contact, and on the other by multiplying the factor of 
turbulence. A capillary bed, therefore, with its large cross-sectional area and 
its multitude of small vessels, provides conditions under which a considerable 
degree of admixture and consequent dilution of,the contrast medium will 
normally take place. If, then, the extent of the capillary bed through which 
the contrast medium circulates is substantially reduced, one would expect the 
contrast medium to undergo noticeably less dilution during this stage of its 
circulation. One of the features of the restricted circulation of the portal blood 
flow through the liver is a marked reduction in the extent of the perfused a 
PH. OXIV. 
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of the capillary (sinusoidal) bed. It is therefore unnecessary to postulate other 
factors, such as a diminished inflow of non-opaque blood from the hepatic 
artery or other sources, to account for the increased concentration in which the 
contrast medium reaches the inferior vena cava when this picture of the portal 
circulation is seen. 

Although some restriction of the intrahepatic circulation of the portal venous 
blood has also been observed in the rat, rabbit, cat and monkey after the 
application of various experimental procedures (Daniel & Prichard, 19516, and 
unpublished data), the detailed working of the vascular mechanism involved 
and the exact nature of the stimuli which induce its operation are as yet un- 
known. No definite association has been observed between the occurrence of 
the phenomenon of the restricted intrahepatic circulation and the type of 
anaesthetic used. | 
It would appear that the alteration in the portal circulation is due to a 
vasomotor reaction. It may well be that in some animals, including normal 
animals, in which the picture of the restricted intrahepatic circulation was 
seen, this vasomotor reaction was initiated by the operative procedures re- 
quired for the making of the angiographic record. The frequency with which 
a restricted circulation of the portal blood flow was recorded in the early stages 

after partial hepatectomy lends support to the theory of a neurovascular 
reaction, since the ligature compressing the stumps of the excised lobes may 
well have served as an irritant to the included nerve trunks, and thus have set 
up @ neurovascular reflex. The findings of Granit, Leksell & Skoglund (1944) 
on peripheral nerves suggest an analogous mechanism. 

A proper assessment of the differences observed in the intrahepatic dis- 
tribution of the portal venous blood is clearly impossible in the absence of 
measurements (which in these experiments were deliberately omitted) of the 
pressure and volume of the blood flow concerned. Information is also needed 
on the behaviour of the hepatic arterial blood flow in relation to the variations 
in the portal circulation. It is obviously important that data such as these 
should be recorded while angiograms are being made, but to obtain the various 
records simultaneously presents considerable difficulties and remains a task 
for the future. 

Many workers have described the anatomical arrangements of the portal and 
hepatic venous trees within the liver, and the fact that major branches of the 
two systems give off or receive vessels of both large and small size has not 
escaped attention (Kiernan, 1833; Mall, 1906; Pfuhl, 1922). On the other hand, 
the full significance of this feature of the vascular arrangements in relation to 
the blood flow through the liver does not appear to have been appreciated. 
Bauer (1906) drew attention to the fact that there were vascular pathways of 
different lengths by which the portal blood can pass through the liver. His 
‘voies courtes’ were pathways through sinusoids situated near the hilum, and 


£ 
7 
> 
5 
< 
: 
‘ 
‘ 
4 
| 
< 
4, 


PORTAL CIRCULATION WITHIN LIVER . 533 


his ‘ voies longues’ were routes by which the blood could be carried to perfuse the 
parenchymaatthe periphery of the liver. Thus, Bauer's concept, although based 
purely on anatomical findings, was apparently similar to that presented here. 

In all the considerable literature dealing with the hepatic circulation only 
_ a few contributions have been found which offer the suggestion of a variability 

in the regional distribution of the portal blood flow within the liver. Stewart 
_ (1894), who measured the circulation time through the liver of the rabbit, 
recorded instances of an unusually rapid transhepatic flow of the portal venous ~ 
blood. He suggested that ‘a short cut for a portion of the blood may normally 
exist, or under certain conditions become abnormally developed, between the 
portal area and the inferior vena cava, by which the comparatively tedious 
circulation of the liver is avoided’. The phenomenon observed by Stewart can 
be explained in the light of the findings of the present work, although in terms 
slightly different from those which Stewart used. 

Several workers who have studied the hepatic circulation by direct micro- 
- seopic examination of the transilluminated liver edge have noted in normal 
animals an intermittence in the blood flow in the areas under observation 
(Wakim & Mann, 1942; Seneviratne, 1949; Prichard & Daniel, unpublished 
' studies). Loeffler & Nordmann (1925) recorded similar variations in the blood 
flow in animals subjected to stimulation of various kinds. Because of limita- 
tions inherent in the transillumination technique, it is impossible to study the 
circulation through the deeper and more centrally situated regions of the organ, 
but the findings obtained from the use of this method provide further evidence 
of one aspect of the circulatory changes reported in this paper, namely, a 
variability in the blood flow through the peripheral areas of the liver. No 
information has as yet been obtained in the present studies as to whether in the 
peripheral areas, which failed to be perfused when the phenomenon of a 
restricted circulation was seen, the vessels were constricted and devoid of 
blood, or whether they were not constricted but full of slowly moving or even 
static blood. | 

The circulatory changes which have been recorded in the liver in the present 
investigation may be compared with those observed in the kidney by Trueta 
et al. (1947). In both investigations it has been shown that blood may fail to 
perfuse peripheral vessels of the organ, while a circulation is maintained through 
channels in its deeper parts. Whereas, however, in the kidney peripheral and 
deeper vascular pathways are readily distinguishable because of the morpho- 
logical differences in the principal components of the cortex and the medulla 
respectively, the anatomical distinction between peripheral and deeper path- 
ways in the liver is far less obvious. There is a further difference which must not 
be overlooked: in the case of the kidney the observations relate to an arterial 
blood flow, whereas in the case of the liver they relate to a portal venous blood 
flow. 
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In view of the similarity of the changes observed in the distribution of the 
blood flow in the kidney and in the liver it is possible that comparable changes 
occur in other solid organs which have a common vascular hilum and whose 
intrinsic vessels are arranged according to the same general plan. 


SUMMARY 


1. The portal venous blood flow through the liver has been studied in 
normal animals by means of rapid serial angiography, thorotrast being employed 
as the contrast medium. Several species of animals have been used. 

2. These studies have shown that the portal blood does not always perfuse 
the entire liver, On occasion superficial regions of the organ may fail to be 
perfused, while a circulation is maintained through the deeper parts. When the 
intrahepatic distribution of the portal blood flow is restricted in this manner 
the portal blood reaches the inferior vena cava more rapidly than when the 
liver is perfused throughout. | 

3. The anatomy of the channels which carry the portal venous blood through 
the liver is described. The vascular arrangements are such that they provide 
for the most direct possible supply and drainage of every part of the liver 
parenchyma from hilum to periphery. There thus exist innumerable intra- 
hepatic pathways of various lengths through which the blood can pass from 
the portal vein to the inferior vena cava. The longer of these pathways are 
those which transmit blood through parenchyma situated at the periphery of 
the liver; the shorter are those by which blood is carried through parenchyma 
situated in the more central and hilar regions of the organ, namely, that which 
is interposed between major stems of the portal and hepatic venous trees 
respectively. | 

4. No communications other than sinusoids have been found connecting 
portal and hepatic venous systems. 

5. The stimulus which induces a restriction of the intrahepatic circulation 
is at present unknown, but it is suggested that a neurovascular mechanism is 
involved. | 


The authors are indebted to Dr E. H. J. Schuster for designing and making an automatic film 


changer for use with small animals. They are also grateful to Mr M. 8. Tuckey for technical 
assistance and to Miss N. B. Brown for secretarial help. 
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EXPLANATION OF PLATES. 


1 


Fig. 1. Normal anaesthetized rat. Individual frames of a serial angiographic record of the portal 
| venous circulation demonstrated by an injection of thorotrast into a small tributary of the 
superior mesenteric vein. This record shows a perfusion of the whole of the liver. (a) The 
_ contrast medium fills the vessels of the portal tree. (b) Sinusoidal stage of portal venous 
circulation. The diffuse shadow shows that the sinusoids are filled with contrast medium. 
Note the sharply defined profile of the liver particularly on the cranial and right lateral aspects, 
indicating that even at the periphery of the organ the sinusoids are well filled. (c) Hepatic 
venous stage of the circulation. The contrast medium has now passed from the sinusoids 
and is seen in the hepatic veins and the inferior vena cava. In the intrahepatic segment 
of the inferior vena cava the outflow of contrast medium from the more caudal of the hepatic 
veins forms two streams which pass up this vessel alang its lateral walls. 
Fig. 2. Individual frames of the serial angiographic record of another normal rat, showing a per- 
fusion of only the more central and hilar portions of the liver (cf. fig. 1). The thorotrast injected 
was given in the same dosage and by the same route as in the case of the rat illustrated in fig. 1. 
(a) Portal venous stage of the circulation. The portal tree has a somewhat stunted appearance 
and the peripheral segments of the vessels are not filled. (b) Sinusoidal stage of the circulation. 
Compare with fig. 16 and note the small area and the location of the sinusoidal shadow. At 
L | the periphery of the organ the sinusoids are not filled, and the irregular margins of the shadow 
do not represent the margins of the liver. Contrast medium is already seen in the hepatic veins 
and the inferior vena cava. (c) This frame corresponds in time with that illustrated in fig. 1c. 
In this case, however, the hepatic veins and the inferior vena cava are scarcely seen since, 
cirowlstion, the comtrest medium has already passed 
beyond these vessels. 


PLatTE 2 


Fig. 3. Normal rat. Serial angiograms (exposed at intervals of 1-0 sec.) showing a perfusion of the 

whole of the liver. Note in (c) that the sinusoidal shadow extends throughout the liver. 
| “Wig. 4. Normal rat. Serial angiograms (exposed at intervals of 1-0 sec.) showing a perfusion of only 
the more central and hilar portions of the liver. Compare with fig. 3 and note that the peri- 
| pheral parts of the liver are not perfused by the contrast medium. Note also the earlier appear- 
» | ance and much greater density of the shadow seen in the inferior vena cava as compared with 
fig. 3. There is no backflow of the injected contrast medium into tributaries of the portal system 
(as is sometimes seen, e.g. Pl. 1, fig. 2a; Pl. 3, fig. 7), and this fact suggests that the portal 
stream was meeting no great resistance in its passage through the liver. 
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Figs. 5-7. Serial angiograms taken from the records of three rats. These records were made 24 hr. 
after partial hepatectomy and the time interval between successive angiograms was in each | 
case 0-5 sec. 

Fig. 5. The contrast medium is seen perfusing the whole of the remaining portion of the liver. The 
sinusoidal shadow forms an accurate silhouette of the lobes which were left im situ at the 
operation. A complete perfusion of the residual parts of the liver, such as that illustrated here, 
was seldom observed in angiograms made shortly after partial hepatectomy. This record, 
however, serves as @ basis for comparison for figs. 6 and 7. 

Figs. 6 and 7, These angiograms (which should be compared with those seen in fig. 5) provide good 

examples of the phenomenon of a restricted intrahepatic circulation. Note in each case the 
blunt terminations of the filled portal vessels and the limitation of the sinusoidal shadow to 
the more central and hilar regions of the remaining lobes. Note also the rapid appearance of 
the contrast medium in the inferior vena cava. The backflow of the contrast medium into the 
splenic vein ‘and other tributaries of the portal system shows that there is a considerable 

_ degree of hepatic resistance to the portal blood flow. This backflow is particularly marked in 
the animal shown in fig. 7. 
PLATE 4 


Fig. 8. Radiographs of another rat, 24 hr. after partial hepatectomy. (a) Main vessels of remaining 
portion of portal venous tree, demonstrated by post-mortem injection of bismuth carbonate. 
(This animal was found at post-mortem to have poorly developed omental lobes, the cranial 
one being a mere vestige. Hence the meagre vessels seen on the animal’s left.) (6) and 
(c) Angiograms taken from a serial record made of the same animal before it was killed. Com- 
pare with (a) and note that during life considerable areas at the periphery of the remaining 
lobes were not perfused by the circulating contrast medium. 

Fig. 9. Frozen section of liver of cat which had been injected post-mortem with Berlin blue from 
the hepatic venous side. This figure shows, in cross-section, major stems of the portal venous 
(p.v.) and hepatic venous (H.V.) trees in a central and deep portion of the liver. Only a thin 
layer of hepatic parenchyma separates these major stems. Note sinusoids of this thin layer of 
intervening parenchyma draining by a small vessel (at arrow) into the main hepatic venous 
stem (from which most of the injection mass has fallen out). 7 | 


Prate 5 

Figs. 10-13. Frozen sections of cats’ livers injected post-mortem with Berlin blue. Figs. 10 and 11 
show preparations injected from the portal venous side, whilst figs. 12 and 13 show preparations 
injected from the hepatic venous side. 

Fig. 10. Portal vessels near periphery of liver. A major stem of the portal venous tree is seen 
approaching the surface of the liver. Sinusoids at the surface have been filled from vessels 
which form some of the most distant ramifications of the portal tree. More centrally (lower left) 
the large stem gives off a small vessel which breaks up immediately into sinusoids to supply 
the adjacent parenchyma. 

Fig. 11. Portal vessels in a deeper region of the liver. A large portal vessel (approx. 1-0 mm. diam.) 
is seen crossing the lower part of the field and giving off a main stem. Both these channels not 
only carry blood towards the periphery of the liver but also, by means of small vessels arising 
directly from them, supply the sinusoids of the adjacent parenchyma. 

Fig. 12. Hepatic venous vessels near periphery of liver. These hepatic venous radicles near the 
surface of the liver (which are here almost obscured by the filled sinusoids which drain into 
them) occupy a remote position in the system comprising the hepatic venous tree. 

Fig. 13. Hepatic venous vessels in a deeper region of the liver. A large hepatic vein is seen in 
cross-section (the injection mass has fallen out of the vessel). This vessel not only receives 
a wari. Se oe size (on the right) but also three small vessels which drain 
sinusoids of the jacent parenchyma. These small vessels are largely obscured 
sinusoids draining into them (cf. fig. 12). — . 
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Te 14, Radiographs (enlarged) of frozen section of a cat's liver which,had been injected post- 
mortem with colloidal silver iodide. The injection was made from the portal venous side but 
the mass had passed freely through the sinusoids and is seen filling the hepatic venous system 
also. (a) Vessels near surface of liver. In the centre is seen a terminal branch of the portal 
venous tree, flanked on either side by a radicle of the hepatic venous tree. Communication 
_ between these vessels of the two systems is afforded by their small twigs and the sinusoids by 
which the latter are connected, Portal blood passing through these channels near the surface 
of the liver takes some of the longest pathways through the organ. (5) Vessels near hilum of 
liver. Large stems of the portal venous (P.v.) and hepatic venous (x.v.) trees are seen running 
re parallel to one another, separated by « thin layer of liver parenchyma. The sinusoids of this 

{parenchyma are seen to be supplied by small vessels arising directly from the large portal stem, — 

| and to drain into small vessels which empty directly into the large hepatic venous stem. 

Portal blood passing through these channels near the hilum of the liver takes some of the 

shortest pathways through the organ. It is vessels such as those illustrated here which 

transmit the portal blood flow when the phenomenon of a restricted intrahepatic circulation 

is seen (cf. Text-fig. 1). 
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EFFECTS OF STIMULATION OF THE HEPATIC NERVES 
AND OF ADRENALINE UPON THE CIRCULATION OF THE 
PORTAL VENOUS BLOOD WITHIN THE LIVER 


By P. M. DANIEL anp MARJORIE M. L, PRICHARD 


From the Department of Pathology, Radcliffe Infirmary, the Nuffield 
Department of Surgery, and the Nuffield Institute for Medical Research, 
i University of Oxford 


(Received 24 March 1951) 


The experiments reported in this paper (briefly referred to in Daniel & Prichard 
(1949) and in greater detail in Prichard (1950)) were undertaken with the object 
of determining to what extent the circulation of the portal venous blood is 
altered by stimulation of the hepatic nerves. One aim in particular was to 
ascertain whether such stimulation would induce a restricted intrahepatic 
circulation of the portal venous blood, such as that which had been observed 
in some normal animals (Daniel & Prichard, 1951a,b). The effects upon the 
portal blood flow through. the liver produced by intraportal administration of 
adrenaline were also studied in a further small group of experiments. 


METHODS 


The experiments in which the hepatic nerves were stimulated were performed on four rats, five 
rabbits, seven cats, two monkeys and one dog. Ten further animals, including rabbits, cats, dogs 


_ and young pigs, were used in the study of the effects of adrenaline. In all cases the animals were 


anaesthetized with pentobarbitone, supplemented when necessary by ether. 

The hepatic plexus of nerves was approached through a midline abdominal incision, and the 
stimulus was applied to the distal end of the divided plexus. Occasionally the plexus was dissected 
free from the artery along which it runs, and the isolated plexus laid upon the electrodes. More 
often, however, the common hepatic artery with its surrounding plexus of nerves was tied and cut, 
and its distal segment, still ensheathed in the plexus, placed over the electrodes. (Although the 
common hepatic artery was thus occluded, the liver was not deprived of arterial blood; the hepatic 
artery proper was now supplied with blood from the right gastric and gastro-duodenal arteries, in 
which the blood flow had become reversed.) Either shielded or unshielded electrodes were used, 
care being taken to avoid mechanical and electrical contact with the portal vein. The stimulus was 
supplied either from an induction coil (intensity generally not more than that required to cause 
a muscle twitch) or else from a square-wave stimulator (25 impulses/sec.; 2 msec. duration; 
0-5-4:0 mA.). The period for which the hepatic nerves were stimulated before the angiographic 


record was made varied from 15 to 90 sec., and in each case the stimulation was applied continuously 
until the record had been completed. 
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In the experiments in which adrenaline was given this was injected into a small radicle of the — 
superior mesenteric vein, the amount usually given being 20 yg. 

The effects produced by stimulation of the hepatic nerves and by intraportal administration of 
adrenaline were recorded by serial angiography. The angiographic technique employed was the 
same as that previously described (Daniel & Prichard, 19515), and consisted essentially of recording 
by rapid serial angiography the passage through the liver of contrast medium injected into a small 
tributary of the superior mesenteric vein. In each experiment observations were made on two or 
more sets of serial angiograms; a separate injection of thorotrast was made for each set, which 


consisted of about twenty radiographs. Generally, the first set of serial angiograms recorded the 


circulation through the liver before the experimental procedure whose effect was to be studied was - 
carried out. This set of serial angiograms provided for each animal its own control record and 
served as a basis of comparison for subsequent serial angiograms made after the procedure in 
question had been applied. In some experiments the control angiographic record was made at 
a later stage in the experiment, an interval of some minutes being allowed to elapse since the 
stimulation was last applied or adrenaline given. Ooccasionally, both an initial and also a later 
control record were made on the same animal. 

To supplement the information provided by angiography, records were made of the portal venous 


and carotid arterial blood pressure. In most cases these pressures were recorded while the angio- 


grams were actually being made. Sometimes, however, simultaneous angiographic and blood 
pressure recording was found to be impracticable, and in these experiments the effect of the pro- 
cedure being studied was recorded first by angiography and then, after the angiographic record had 
been made, by measurement of the portal venous blood pressure. The portal pressure was recorded 


_ ¢ither in the splenic vein, or in a medium-sized mesenteric vein, or occasionally in the branch of 


the portal vein supplying the right lower lobe of the liver, the choice of vessel being determined to 
some extent by the species of animal concerned. In the larger animals a cannula was tied into the 
vessel; this cannula was connected to a saline manometer and a tracing of the pressure was made 
on a smoked drum by means of a float recorder. For the rats a serum needle was used instead of 
a cannula and this was introduced into a large mesenteric vein, Heparin was given intravenously 
in order to prevent the formation of blood clot in the cannula or needle. : 


RESULTS 
Stimulation of the hepatic nerves has long been known to cause a rise of 
pressure in the portal venous system. This rise of portal pressure following 
stimulation was observed in the present studies (Text-fig. 1). Angiograms 
made when the portal pressure had been raised by electrical stimulation of the 
hepatic nerves showed in every instance a constriction of vessels of the portal 
tree (Pl. 1, figs. 1, 2; Pl. 2, fig. 3). The degree of the constriction, and the extent 
to which the different parts of the tree were involved, were found to vary from 
experiment to experiment. In some cases portal vessels throughout the liver 
showed a reduction in calibre; in others the narrowing of the vessels was 
noticeably more marked in one or more lobes than elsewhere. In any part of 
the organ, however, which showed vasoconstriction a reduced calibre was 
usually seen both in the larger intrahepatic portal vessels and in their smaller 
offshoots. Moreover, fewer of these smaller vessels of the portal system were 
visible than in the control angiograms. The portal vein itself showed no 
constriction, and in some cases its calibre was increased (Pl. 2, fig. 30). 
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In addition to the constriction of vessels of the portal tree, which occurred 
in all animals subjected to stimulation of the hepatic nerves, the angiograms 
of some animals showed evidence of a change in the distribution of the portal 
venous blood flow within the liver. In these cases the sinusoidal shadow 
(i.e. the diffuse opacity seen at the stage of the circulation when the contrast 
medium is in the sinusoids) instead of being evenly dispersed throughout the 
liver, as in the control angiograms, was patchy and uneven. In some cases the 
distribution of this shadow showed that areas at the periphery of the liver 
received little or none of the circulating contrast medium, and that the latter was 


5 


- om. saline 


TTT 


Text-fig. 1. Dog. Record showing marked rise of portal venous pressure (P.P.) occurring on electrical 
stimulation (s.) of the distal end of the divided hepatic plexus of nerves. 8.P.: carotid arterial 
pressure. Time marker: 5 sec. 


perfusing mainly the more central and hilar portions of the organ (PI. 2, fig. 35). 
In other cases the unevenness of the perfusion was demonstrated by a mottled 
appearance of the sinusoidal shadow in smaller or larger areas of the liver. 
Appearances such as these, reminiscent of one of the features of the restricted 
intrahepatic circulation seen in some normal animals (Daniel & Prichard, 
19516), were observed after stimulation of the hepatic nerves in the rat, rabbit, 
cat and monkey, but they were not seen in every experiment. | 

As a general rule, after stimulation of the hepatic nerves the interval of time 
between the first appearance of the circulation contrast medium in the portal 
tree and its first appearance in the hepatic veins or in the inferior vena cava 
(‘initial transit time’) was noticeably reduced. Usually, the initial transit time, 
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~ one-half of that recorded in the control angiographic record of the same animal. 


_ Jation the contrast medium took 3-5 sec. to make its initial transit from the 


_ this vessel with little loss of density, were associated with a limitation of the 
_ sinusoidal shadow to the more central and hilar parts of the various liver lobes. 
_ The combination of these features of the angiographic picture indicates that 


- Prichard, 19516) had been induced. 


_ stimulation of the hepatic nerves was the earlier appearance of the diffuse 
- opacity indicating the presence of the contrast medium in sinusoids. This 
_ earlier sinusoidal filling, like the shorter initial transit time, was seen not only 
in cases in which the shadow of the perfused sinusoids was patchy and irregular, 
_ but also in cases in which the sinusoidal shadow extended uniformly throughout 
the liver. Whereas, however, the earlier appearance of the circulating contrast 
- medium both in sinusoids and also in hepatic veins and the inferior vena cava 
| was an almost invariable finding in animals subjected to stimulation, a reduc- 

_ tion in the time taken for the whole column of the injected contrast medium to 
‘pass — the liver, ‘total transit time’, was less consistently recorded. 


_ rise in the portal pressure, followed by a more gradual fall (Pl. 3, fig. 5 6, c). 
_ Two experiments (cat and dog) were carried out to ascertain the calibre of the 
vessels of the portal tree at various points along the portal pressure curve. 
For this purpose, following a preliminary control, several short angiographic 
_ records were made in quick succession after a single dose of adrenaline. In 
_ these angiograms it was found that vasoconstriction had occurred after the 


- marked during the rising than during the descending phase of the portal 
_ pressure curve. Partly for this reason and partly to avoid a complication of the 
_ picture by possible later systemic effects of the adrenaline, the angiograms of 
_ the subsequent experiments were in most cases made during the rising phase of 
_ the portal pressure curve, and generally in its earlier stages, i.e. within a few 
_ seconds of the injection of adrenaline. 


_ of adrenaline by mesenteric vein appeared to affect chiefly the smaller vessels 
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as measured by this admittedly rough method, was about two-thirds or even 


Occasionally, however, an even more rapid transhepatic flow was recorded. 
The angiographic records of one rabbit, for example, show that before stimu- 


portal vein to the inferior vena cava, but when stimulation was applied the 
initial transit of the liver was accomplished in 1 sec. In such a case the rapid 
arrival of the contrast medium in the inferior vena cava, and its appearance in 


a restricted intrahepatic circulation of the portal venous blood (Daniel & 


A further indication of the more rapid transhepatic flow which occurs after 


Adrenaline 


injection of adrenaline, and that the reduced calibre of the vessels was more 


The vasoconstriction which was seen in angiograms made after an injection 
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of the intrahepatic portal venous tree. In some cases the larger portal branches 
showed a reduction in calibre, but a more striking and constant finding was 
the relatively small number of fine vessels which were demonstrated by the 
circulating contrast medium (PI. 3, fig. 45). 

Frequently, but not invariably, the sinusoidal shadow was of uneven density, 

small irregular areas of heavier shadow being seen here and there contrasting 
with the lighter shadows elsewhere. In some instances, such a localized area of 
denser sinusoidal shadow was seen to surround one of the small filled vessels of 
the portal tree forming, as it were, a muff or sleeve to the vessel. 
- As in the case of the stimulation experiments, the angiograms which recorded 
the effect of adrenaline while this effect was mainly confined to the liver showed 
an accelerated passage of the contrast medium from the portal to the hepatic 
veins (e.g. initial transit time of 3 sec. reduced after adrenaline to 2 sec.). The 
loss of density of the shadow present in the inferior vena cava, right heart and 
pulmonary vessels after the contrast medium had passed through the liver was 
also noticeably less marked than that seen in the control angiograms. These 
features were not confined to cases in which the distribution of the contrast 
medium within the liver was obviously patchy, but were present also, to some 
extent at least, in cases in which the liver was apparently evenly perfused 
throughout. A few angiographic records which were made at a time when 
adrenaline was causing a marked systemic effect show a very slow flow of blood 
in the mesenteric and portal venous systems. 


DISCUSSION 


Although numerous workers have studied the influence of the autonomic 
nervous system on the portal circulation, attention has in the past been 
directed mainly to the changes produced in this circulation by stimulation of 
the splanchnic nerves. From the literature it appears that few studies have 
been made of the effects of stimulation of the isolated hepatic plexus of nerves, 
a fact which is not altogether surprising in view of the technical difficulties 
involved in such a study. In the present investigation, however, attention has 
been concentrated on the effects produced by stimulation of the intrinsic 
nerves of the liver, and so far no extensive study has been made of the 
circulatory changes in the liver which occur as a result of stimulation of the 
splanchnic nerves. This latter problem is clearly more complex than the former, 
because of the multiple effects which must be produced by stimulation of 
nerves which exercise vasomotor control over the whole of the splanchnic area. 
Because the hepatic plexus of nerves is composed predominantly of sympathetic 
fibres (Raigorodsky, 1928) and contains relatively few parasympathetic fibres, 
it seems reasonable to assume that the effects caused by stimulation of this 
plexus are essentially effects due to the excitation of hepatic elements of the 
sympathetic nervous system. 
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blood flow respectively. Macleod & Pearce (1914), however, who measured the 


_ S¥mulation of the distal end of the divided hepatic plexus of nerves causes 


finding in experiments carried out on animals of five different species. When 


the hepatic nerves. 
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_ Several workers have inferred that the vessels of the portal tree constrict in 
response to stimulation of splanchnic comiponents of the sympathetic nervous 
system. This inference has been based on the indirect evidence afforded by 
records of changes in blood pressure, blood flow, and liver volume, which were 
obtained either in intact animals or in perfusion experiments. The occurrence 
of such constriction was deduced by Bayliss & Starling (1894) from changes in 
portal venous pressure, by Frangois-Franck & Hallion (1897) from alterations 
in portal pressure and in liver volume, and by Schmid (1909) from ch: in 
portal blood flow and pressure. Burton-Opitz (1914), in the final paper of an 
important series on the hepatic circulation reporting studies of blood flow and 
pressure, concluded that constriction occurred in the terminal portal venules, 
but that this was a minor factor in the regulation of the portal blood flow. A 
constriction of the portal vessels was also inferred by Griffith & Emery 1930) 
and by Eckardt (1935) as a result of changes observed in liver volume and 


outflow of blood from the liver, considered that a constriction of portal vessels 
did not occur. 
The present investigation has provided direct evidence that electrical 


intrahepatic vessels of the portal venous tree to constrict. Thie was a constant 


angiograms made during stimulation are compared with the control angiograms 
of the same animal the reduced calibre of large portal branches is clearly seen 
(Pl. 1, figs. 1,2; Pl. 2, fig. 3). The number of small portal vessels which are visible 
in the angiograms made during stimulation is also noticeably reduced, a fact 
which indicates that many of these vessels have become so narrow that they 
cannot be demonstrated by the angiographic technique used. The constriction 
seen in the vessels of the portal tree clearly accounts for the rise in the portal 
pressure, which was another constant finding in animals subjected to stimulation 


As a means of inducing what has been termed a restricted intrahepatic 
circulation of the portal venous blood, stimulation of the hepatic nerves proved 
somewhat disappointing. Other studies (Daniel & Prichard, 19515) have shown 
that serial angiograms which record this picture of the portal circulation present 
certain characteristic features. The most striking of these are (a) a greater 
perfusion by the circulating contrast medium of those parts of the liver which 
contain the shorter of its vascular pathways and a diminished perfusion of 
areas containing the longer ones, and (b) a more rapid transhepatic flow. In 
the case of some animals, the angiograms which were made during stimulation 
of the hepatic nerves undoubtedly showed these deviations from the normal 
picture of the portal circulation through the liver. A marked change, however, 
in the regional distribution of the circulating contrast medium within the liver, 
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and an acceleration of the transhepatic flow greater than that which could 
perhaps be accounted for by the’ diminished capacity of the constricted 
vessels and the raised portal pressure, were not the invariable effects of 
such stimulation. The lack of constancy in the results in this respect may 
have been partly due to the fact that, although the electrodes were applied 
to what appeared to be the whole hepatic plexus, the nerve fibres actually 
stimulated may not have been the same in each animal. This suggestion 
is supported by the variations seen, in different experiments, in the extent to 
which vasoconstriction affected different parts of the portal tree. Alternatively, 
the threshold of sensitivity of the nerves involved in the phenomenon of the 
restricted intrahepatic circulation may vary from animal to animal. 


Administration of adrenaline by a mesenteric vein produced an angiographic 


picture of the portal circulation which was essentially similar to that observed 
after stimulation of the hepatic plexus. The most obvious features in common 
in these two types of experiment were the reduced number of small portal 
vessels demonstrated by the circulating contrast medium and the increased 
speed of the portal flow through the liver. But, although in both experiments 
the smaller branches of the portal tree were similarly constricted, after admini- 
stration of adrenaline the larger vessels of this system frequently showed either 
no diminution in calibre or else a degree of constriction less marked than that 
observed after stimulation. 

As in the case of the stimulation experiments, the rapid transhepatic passage 
of the portal flow which was observed after administration of adrenaline was 
associated in some but not all experiments with a change in the distribution of 
the contrast medium within the liver. In no case was this change as marked as 
that seen in the most striking examples of a restricted intrahepatic circulation 
recorded in other experiments. Frequently, however, there was evidence of an 
- unequal distribution of the blood flow within the liver, illustrating that a 
differential use was being made by the portal venous blood of the various 
pathways through the liver. 

A great many workers (including, for example, Schmid, 1909; Burton-Opitz, 
1912, 1914; Macleod & Pearce, 1914; Mautner & Pick, 1922; Bauer, Dale, 
Poulsson & Richards, 1932; McMichael, 1932) have investigated the effects of 
adrenaline upon the vessels of the liver and the hepatic circulation, basing 
their conclusions on the evidence afforded by changes in liver volume, blood 
flow, and the blood pressure in various parts of the circulatory system. The 
findings of these numerous investigators, taken together, make up a somewhat 
confused picture, due partly to the variety both of the techniques employed 
and of the species of animal on which the observations were made, The problem 
has, moreover, certain inherent difficulties. For example, systemic effects of 
adrenaline may be produced, and in such conditions it is not easy to distinguish 
changes in the portal circulation which are due to the action of adrenaline on 
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the liver vessels from changes in this circulation which are due to alterations in 
the circulation of the body as a whole. Further, within the liver itself it is 


- difficult to determine which of the several components of the hepatic vascular 


systems are responsible for the changes observed. 

It appears, however, that from this mass of data two main conclusions may 
be drawn as to the effect of adrenaline on the portal circulation through the 
liver, independent of its systemic effects: first, that constriction occurs in 


vessels which serve as channels for the transhepatic flow of the portal venous 


blood, vessels of the intrahepatic portal tree being among those which are 
constricted; and secondly, that the amount of portal blood which traverses the 
liver is diminished. | 

A few workers have studied the effects of adrenaline upon the hepatic 
circulation by direct observation of the transilluminated liver edge. The drug 


was either injected into the portal blood stream or else applied to the surface of 


the liver, but the effects seen in the area under observation appear to have been 
similar in both cases. Loeffler & Nordmann (1925) and Wakim (1944) recorded 


- @ constriction of the portal venules and sinusoids, and Loeffler & Nordmann in 


addition noted a constriction of the efferent venules. Seneviratne (1949) also 
reported a constriction of the sinusoids after adrenaline, but he observed no 
noticeable effect in the portal or hepatic venules. He noted a more rapid rate 


of blood flow during the period of constriction, an observation which has also 


been made by the present authors, using the same technique. 
Some workers hold the view that adrenaline has a direct action on vessels of 


the hepatic venous system and that this action is responsible for some of the 


changes observed in the hepatic circulation after administration of this drug. 
Among those who have expressed this opinion mention may be made of 


- Edmunds & Stone (1924), Bauer e¢ al. (1932), Chakravarti & Tripod (1940) 


and Deysach (1941). On this aspect of the problem in particular, however, the 


facts are far from clear, not least because of apparent inconsistencies in some 


of the findings reported. These inconsistencies may be due to differences in 
the amount of adrenaline used (Bauer e¢ al. 1932), or to variations in the 
reactions of animals of different species. Anatomical findings (Elias & Feller, 


1931; Tischendorf, 1939; Arey, 1941; Thomas & Essex, 1949) indicate that, 
although in the dog some kind of muscular sphincter is present in the hepatic 

"veins, the various other animals commonly used in the laboratory show little 
or no evidence of the existence of a similar sphincter in these veins. 


No satisfactory information has as yet been derived from the present investi- 


_ gation as to whether the hepatic veins dilate or constrict in response to adrena- 


line. (For a detailed study of the reactions of the efferent veins of the liver, 
modifications aré necessary in certain details of the angiographic technique.) 
Clearly, however, the possibility that the efferent vessels play some part in the 


_ control of the blood flow through the liver should not be overlooked in any 
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study of the influence of adrenaline upon the hepatic circulation. In further 
studies by the authors, not reported here, angiographic evidence has been 
obtained that the hepatic veins of the dog constrict in response to histamine 
injected into a mesenteric vein. | ae 

Although it has not been possible in these experiments to show that 
stimulation of the hepatic nerves, or intraportal administration of adrenaline 
consistently induces a restriction in the intrahepatic circulation of the portal 
venous blood (Daniel & Prichard, 19515), the investigation has been of value 
in some respects. It appears that the angiographic studies of the present work, 
showing constriction of portal vessels in the liver in response to stimulation of 
the hepatic nerves, provide for the first time direct evidence that the intra- 
hepatic vessels of the portal tree are under the control of the sympathetic nervous 
system. Not the least interesting feature of this part of the investigation has 
been the proof which it has afforded of the conclusions of workers of thirty and 
more years ago, to whom many of the facilities of present-day research were 
not available, and who could formulate their theories only on the basis of 
circumstantial evidence. 


SUMMARY 


1. The effects of stimulation of the hepatic nerves and of intraportal 
administration of adrenaline upon the portal circulation have been studied by 
means of serial angiography. 

2. Stimulation of the distal end of the divided hepatic plexus of nerves has 
been shown to cause a constriction of intrahepatic vessels of the portal venous 
tree in the rat, rabbit, cat, dog and monkey. 

3. The constriction of portal vessels observed after stimulation was 
associated with a marked rise in the portal pressure, and the transhepatic 
circulation was accelerated. 

4. The angiograms of some animals subjected to stimulation showed what 
has been described as a restricted intrahepatic circulation of the portal venous 
blood, but this was not an invariable effect of such stimulation. 

5. Intraportal administration of adrenaline caused effects upon the portal 
venous circulation similar to those produced by stimulation of the hepatic 
nerves. Generally, however, the-vasoconstriction caused by adrenaline affected 
mainly the smaller vessels of the intrahepatic portal venous tree. 


The authors are grateful to Mr M. 8. Tuckey for technical assistance in this work and to 
Miss N. B. Brown for secretarial help. 
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_ Griffith, F. R. & Emery, F. E. (1930). Amer. J. Physiol. 95, 20. 


- Raigorodsky, J. L. (1928). Z. Anat. EntwGesch. 86, 698. 


Fig. 2. Cat. Details taken from angiograms showing intrahepatic portal vessels before and after 


‘Fig. 3. Rat. singiogvame taken from two records'to show the effect of electrical 
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EXPLANATION OF PLATES 
PLATE 1 


the constriction of intrahepatic vessels of the portal tree which occurs after electrical stimu- 
lation of the distal end of the divided hepatic plexus of nerves. (a) Angiogram taken from 
control record, when the portal pressure registered 11-0 cm. of saline. (6) Angiogram taken 
from record made after stimulation for 40 sec., when the portal pressure had risen to 16-0 cm. 
of saline. 


electrical stimulation of the distal end of the divided hepatic plexus of nerves. (a) Control 
angiogram made before stimulation, when the portal pressure registered 8-5 cm. of saline. 
(Electrode in position but no current passing.) (b) Angiogram made when stimulation had 
been applied for 90 sec. and the portal pressure had risen to 17-0 cm. of saline. The larger and 
medium-sized intrahepatic portal vessels are noticeably constricted and, in addition, the 
number of fine vessels visible is diminished. 


PLaTE 2 
stimulation of the distal end of the divided hepatic plexus of nerves. (a) Angiograms from 


control record. (b) Angiograms from record made after stimulation had been applied for 
45 sec, It will be seen that in (b) the intrahepatic portal vessels are markedly constricted. 
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The distribution of the sinusoidal shadow is patchy, the more peripheral areas of the liver 


being poorly perfused. The mesenteric and portal veins are increased in calibre, and there is _ 


a considerable degree of backflow of the contrast medium along the splenic vein and other 


Fig. 


tributaries of the portal system, appearances which suggest that the portal flow is meeting an 
unusually high resistance within the liver. The portal pressure of this animal was subsequently 
recorded, and it was found that a similar period of stimulation at the same intensity caused 
this pressure to rise from 9-5 to 14-0 cm. of saline. _ | ee 
3 
4. Cat. Details of angiograms showing the effect of intraportal administration of adrenaline 
upon intrahepatic vessels of the portal tree (see also fig. 5 below). (a) Angiogram taken from 
preliminary control record. (6) Angiogram taken from second record, which was made 65 sec, 
after an injection of 20 ug. adrenaline into a mesenteric vein. In this case the larger branches 
of the portal tree are markedly odnstricted ; so also are the smaller vessels, as indicated by the 
fact that many of the tenuous shadows seen in (a) are not visible. The finer vessels of the portal 
tree were consistently affected in this way by an intraportal injection of adrenaline, but a 
marked constriction of the larger vessels, such as that seen here, was less commonly recorded, 


. 5. Records of carotid arterial (B.P.) and portal venous (P.P.) blood pressures in the cat whose 


angiograms are illustrated in fig. 4 above. Time marker: 5 sec, (a) Pressures obtaining at the 
time (1) when the angiographic record illustrated in fig.5a was made. (6) Pressures obtaining 
at the time (2) when the angiographic record illustrated in fig. 5b was made, 65 sec. after an 
intraportal injection of adrenaline (20ug.), when the portal pressure curve was in its descending 
phase. The small spike at this point in the portal pressure tracing and the irregularity seen 
slightly later in the arterial pressure tracing are due to the injection of the contrast medium 
(see also a). The arterial blood pressure, which had risen slightly when the adrenaline was 
given, had already returned to its original level by the time the angiographic record was made. 
(c) Tracing showing the effect of a similar injection of adrenaline (20ug.) without the additional 
factor of an injection of contrast medium. 
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: An electrical volume recorder for use with plethysmographs. By 


K. E. Cooper and D. McK. Kerstaxe. From the Medical Research Council 
Laboratories, Hampstead, and the Institute of Aviation Medicine, Farnborough, 
Hants. 


If two parallel copper plates are introduced into the vertical tube of a conven- 
_ tional water-filled plethysmograph so that they are partly immersed, the 
- conductance between them is directly proportional to the depth of immersion. 
_ Use has been made of this principle to provide a means for telemetering limb- 
_ volume changes to electrical recording equipment. 


20. 1000 


Recorder 


: Fig. 1. Schematic diagram of the electrical volume recorder. P is the vertical tube of a water 


filled plethysmograph. A, B and C are copper plates. L is an insulated lead. 


Direct measurement of the current passed at constant potential involves the 


accurate control of the constitution and temperature of the solution, and so 


a compensating device has been introduced in order to render the calibration 


_ independent of these factors. The arrangement of the apparatus is shown in the 
diagram. 


An a.c. potential of 20 V. (1000 cye./sec.) is applied across the electrode 


: system, ABC. The plates A, B are partly immersed, and the conductance 
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between them depends on the depth of immersion. The potential appearing 
across the fluid conductance B, C is a measure of the ratio of the conductance 
B, C to the conductance A, C. If the conductance B, C is large compared with 
A, B, the potential across B, C is proportional to the depth of immersion of the 
plates A, B. This potential is amplified, rectified, and fed to an ink writing 
recorder. If the resistance A, B is always more than twenty times B, C, the 
calibration is found in practice to be sufficiently linear for blood-flow work. 


- Functional survival of fowl spermatozoa at —79°C. By C. Po.cr 


A method of collecting urine from autotransplanted kidneys in dogs. 
- By W. J. Dempster and F. Watson. Buckston Browne Research Farm, 
- Downe, Kent 


Previous workers have reported an inevitable pyohydronephrosis developing 
in the kidney autotransplanted to the neck in dogs. This complication has been 
overcome by means of a permanently indwelling catheter. Illustrations of the 
type of catheter used in the immediate postoperative period, and also the 
permanently indwelling catheter have already been published (Dempster, 1950). 

The catheter consists of two parts, a flange and a portion of tubing. The 
plastic flange is made from Vinyl Portex powder; two parts by weight of Vinyl 
powder and one part of Portex Acrylic Plasticizer. The plasticizer is combined 
with the powder by heating to approximately 100° C. and then packed into 
a brass mould. The mould is now heated slowly to about 150° C. until some 
plastic overflows. This temperature depends on the amount of plasticizer used ; 
increasing the amount of plasticizer makes for a softer flange. When the desired 


temperature is reached the mould is screwed up tightly and cooled in water. — 


Through the centre of the flange is drawn a section of Portex drainage tubing 
no. 4 which is then cemented inside the flange with Vinyl Cement. 

By means of this type of catheter accurate daily collections of urine can be 
made. The catheter should be changed every 4 days. Usually the inside of the 
tubing becomes coated with triple phosphates and may cause some obstruction 
if the catheter is not changed frequently. Urine has a solvent action on the 
Vinyl Cement and this necessitates frequent replacements. 

The kidney of the dog to be demonstrated was autotransplanted 5 months 
ago. Such a kidney is unable to concentrate and secretes urine which has the 
characteristics of a glomerular filtrate. The glomerular filtration rate and renal 
plasma flow are lower than normal. The response to a water load is not as 
effective as the normal; the response to normal saline is almost normal. There 
is a normal type of inhibition when 1 mv. of posterior pituitary extract 
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_ (infundin) is injected intravenously at the peak of a water diuresis. Sodium 
and chloride are not efficiently retained on demand during an electrolyte-free 
diet. (Dempster, 1950). 
_ Such an autotransplanted kidney can maintain life when the remaining 
_ abdominal kidney is removed. Autotransplants removed at 2 months show 
~ normal histology. The cause of the hyposthenuria is still undetermined, but the 
~ function, as a whole, fits in with a fixed minimal distal tubular damage. 


_ REFERENCE 
Dempster, W. J. (1950), Ann. Roy. Coll. Surg. 7, 275. 


: Adaptation of mesenteric Pacinian corpuscles to linearly increasing 


Effect of hexamethonium on anaesthetic (chloralose urethane) acid 
gastric secretion in dogs. By M. ScuacutTer 


i Perfusion of an isolated preparation of cat’s skin. By W. FELDBERG 
: and W. D. M. Paton 


~ 


; Depolarization of the motor endplate region of the cat’s gracilis 
e muscle. By B. D. Burns and W. D. M. Paton 


| _A photoelectric method of recording vascular changes in the rabbit’s 
2 ear. By Pameta Hotton and W. L. M. Perry 
Vv 


| The effect of anoxia on the pulmonary arferial pressure. By HELEN 


N. Duke and Estuer M. Kiiuicx. Royal Free Hospital School of Medicine, 
_ London, W.C.1 


- Isolated cat lungs were perfused through the pulmonary artery with the animals 


{own heparinized blood at constant-volume inflow, using a Dale-Schuster pump. 


The lungs were ventilated with intermittent constant positive pressure in- 
flations by means of a Starling Ideal pump. The pulmonary arterial pressure 
Was recorded with a small-capacity tambour. | 
a2 
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In contrast to the rise in pulmonary arterial pressure which follows substitu- 
tion of N,, neon or H, for air in the ventilating gas mixture, inhalation of CO 
produces a fall in pressure (Duke & Killick, 1950), and sometimes bronchodila- 
tation. The response to CO occurred with pure CO and with mixtures containing 
1-20% CO in air. The depressor effect of CO appeared not to be dependent on 
the amount of COHb in the blood because the pressure did not fall in time with 
the changes in blood COHb concentration, and the effects could also be pro- 
duced during perfusion with dextran. The effects produced by N, and CO were 
considered to have a different origin, because under certain circumstances they 
could be superimposed. The response to CO, administered with air or with 0,, 
was influenced by the proportion of O, present, and was probably determined 
by the relative pressures of CO and O,. It therefore appeared probable that CO 
was competing with 0,, possibly for an enzyme. Other known inhibitors of 
oxidative enzymes were accordingly tested. NaCN or HCN (approx. effective 
conc. 0-004 mM.) and NaN, (approx. effective conc. 0-008 m.) also produced a fall 
in pulmonary arterial pressure. HCN, in the dose used, dilated the bronchi and 
the lungs became oedematous after 10-20 min. Pulmonary oedema was not so 
rapidly produced by NaN,, and after this substance CO and N, were without 
effect on the pulmonary vessels. 

The pressor effect of N, could be produced during perfusion with Ringer 
Locke solution or with dextran. 


REFERENCE | 
Duke, Helen N. & Killick, Esther M. (1950). Communication to XVIIIth Int. Physiol. Congr. 
_ Copenhagen, p. 182. 


Mammalian foetal weight increase. By A. Sr G. Huccerr 
and W. F. Wippas 


The role of air movement in olfactory stimulation. By E. D. ApR1AN. 
Physiological Laboratory, University of Cambridge 
When a considerable volume of air is drawn rapidly through the nose it is 
usually possible to detect'a discharge of impulses in the olfactory bulb even 
though the air is highly purified. It was therefore suggested (Adrian, 1942) 
that the air current alone might stimulate by its mechanical effect on the 
olfactory receptors. Recent experiments now show that any such effect must 
be negligible over the normal range of air movement, and that stimulation 


then depends on the passage into the nose of the threshold amount of stimu- 
lating material at a sufficient rate. | 
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Air containing a stimulant at low concentration is drawn through the 
rabbit’s nose by a syringe, the piston movement and the olfactory discharge 


_ being recorded together. With rates of suction between 6 and 30 c.c./sec. the 


volume needed to stimulate varies inversely with the concentration of the 


_ stimulant, and the discharge begins at a fixed time after this volume has 
_ entered the nose whether it enters rapidly or slowly. With most substances the 


stimulus is ineffective if the rate of flow is reduced much below 4 c.c./sec., and 


_ at this rate the threshold may be raised and the latency increased. The thres- 
_ holds and latencies vary with the material used and with the particular region 


of the olfactory organ under examination. The depth of anaesthesia makes little 


difference. 


The olfactory receptors respond to mechanical as well as to osmotic and ionic 


_ stimuli, but with normal breathing the mechanical effect of the air current is 
_ never likely to be great enough to stimulate. The discharges produced by 
- purified air must be due to impurities possibly arising in the outer part of the 


REFERENCE 
Adrian, E. D. (1942). J. Physiol. 100, 459. 


The effect of insulin on hepatic carbohydrate metabolism and 


splanchnic blood flow in man. By A. G. Brarn, BarBara BILLINe* and 
SHEILA SHERLOCK. Department of Medicine, Postgraduate Medical School of — 
London | 


The technique of hepatic vein catheterization (Sherlock, Bearn, Billing & 
Paterson, 1950) has been used to study the effects of intravenous soluble 
insulin (0:1 unit/kg. body wt.) on splanchnic blood flow in the normal human 
subject. Insulin resulted in an immediate reduction in the output of glucose 
from the liver, which lasted for about 40 min. The fall in capillary glucose 
concentration of 27-48 mg./100 ml. could not be accounted for entirely by the 
reduction in hepatic glucose output but was also due to increased peripheral 
disposal of glucose. Hypoglycaemic symptoms were experienced 30 min. after 
the insulin was given; at approximately the same time minimum values were 
obtained for capillary glucose concentration. 

The period of reduced hepatic glucose output was followed. by one in hich 
the glucose output was considerably greater than before the insulin was given. 
Within 2 hr, the capillary glucose concentration had returned to approximately 
normal values. This period of apparent glycogenolysis was also marked by an 
increase in both the peripheral venous and hepatic venous lactic acid and 


* Lund Fellow of the Diabetic Association. 
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- pyruvic acid concentrations. Splanchnic oxygen consumption did not change 
significantly. Splanchnic blood flow remained almost unchanged until about 
15 min. after the maximum glucose output when it increased by 25%. 


| REFERENCE 
Sherlock, S., Bearn, A. G., Billing, B, H. & Paterson, J. C. 8. (1950). J. Lab. clin. Med. 35, 923. 


Neuromuscular block by anticholinesterases. By C. Lovatr Evans. 
| A Ministry of Supply Establishment 


In anticholinesterase poisoning the diaphragm only responds to indirect tetani 
by single twitches (de Candole, Douglas & Spencer, 1950). The diaphragm- 
phrenic preparation (Biilbring, 1946) lends itself well to study of the Wedensky 
inhibition, of which this is an example. | 

After a tetanus (1-5 sec.) the preparation usually shows post-tetanic potentia- 
tion of single shocks (Brown & von Euler, 1938). After poisoning, the indirect 
response to repetitive stimulation is of Wedensky type, and slow single stimuli 
immediately after yield reduced contractions which gradually recover. With 
some anticholinesterases washing restores normal behaviour. The response may 
thus be used to compare the activities and reversibilities of anticholinesterases. 

An even better criterion is the determination of the lowest frequency of 
stimulation that gives the Wedensky response, e.g. at a certain stage of 
poisoning or recovery stimuli at 40/sec. may give a tetanus, while 80 give only 
a twitch; with further poisoning even 20/sec. may only result in a twitch. 


REFERENCES 


- Brown, G. L. & von Euler, U. 8. (1938). J. Physiol. 98, 39. 
Bilbring, E. (1946). Brit. J. Pharmacol. 1, 1. | 
de Candole, C. A., Douglas, W. W. & Spencer, K. E. V. (1950). J. Physiol. 111, 23 P. 


Thyroid uptake of iodine from ingested iodate in man. By M. M. 
Murray and E. E. Pocuin. Physiology Department, Bedford College, 
London and Department of Clinical Research, University College Hospital 
Medical School, London 

The iodine of sodium iodate was shown by Leblond & Sue (1941) to be available 

to the rat’s thyroid after intravenous injection. Since iodate is in some respects 

more convenient for the iodination of salt than iodide, it became important 
to know how much of the iodine of ingested iodate was accumulated by the 
human thyroid. Sodium iodate was labelled with 1] by the Radiochemical 

Centre, Amersham, and was given orally to six normal people, using 25 micro- 

curies of radioiodine, 70 yg. of carrier iodate and negligible iodide contamina- 
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_ tion. After 3 days, the thyroids were estimated to contain an average of 38°, 

_ of the ingested radioiodine. _ 2 

_ Three patients with normal thyroid and renal function have been given 
successive doses of labelled iodate and iodide with equal carrier iodine content. 

_ The radioiodine uptake after iodate has averaged 10°% less than after iodide 


in the same patient, the urinary excretion being correspondingly higher. 


REFERENCE 
Leblond, C. P. & Sue, P. (1941). Amer. J. Physiol. 184, 549. 


: Behaviour of enucleated cells and of cells after transplantation of 
nuclei. By J. F. Danrerui and I. Joan Lorcu 


_ Active stereochemically selective absorption of amino-acids from 
ratsmall intestine. By G. Wiseman. Department of Physiology, University 
of Sheffield | 
__ It has recently been shown that if a racemic amino-acid solution is introduced 
into a loop of rat small gut, the rate of disappearance of the L-form is much 
_ greater than that of the p-form (Gibson & Wiseman, 1951). 
_ _In these experiments in vivo it was possible to determine only the amount of 
amino-acid disappearing from the lumen of the gut. Experiments have now 
been carried out in vitro, allowing the amount of amino-acid passing through 
the gut wall to be estimated. In these experiments oxygenated Krebs-Ringer 
bicarbonate solution containing racemic amino-acid was circulated continuously 
through the lumen of isolated sections of gut, while the serosal surface was — 
bathed in a similar solution. The amino-acids examined were DL-alanine, DL- 
_ phenylalanine, pi-isoleucine, and pi-valine, and the methods of analysis were 
those previously described. 
_ _The experiment was started with the same solution on each side of the gut 
wall. It was found that after 1 hr. the concentration of the L-form had fallen 
inside the lumen and had increased in the outer fluid, so that the concentration 
of the t-form in the outer fluid was often more than twice that of the mner. 
In contrast to this change in concentration of the L-form the concentration of 
the p-form remained constant in both the inner and the outer fluids. 

These results would strongly suggest that there has been an active absorption 
of the t-form of the amino-acid against its concentration gradient, although — 
the methods of analysis used estimated only the total amount of L-amino-acid 
present in the solutions and were not specific for any one amino-acid. They also — 
confirm the stereochemically selective absorption of amino-acids and are 
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considered as further evidence in favour of a specific mechanism in the absorp- 
tion of amino-acids. . 3 | 
Gibson, Q. H. & Wiseman, G. (1951), Biochem. J. 48, 426. 


Gastric secretion in spayed female cats and the effect of stilb- 
oestrol. By K. N. Osna* and D. R. Woop. Department of Pharmacology 
and Therapeutics, University of Sheffield , 

We have shown (Ojha & Wood, 1950) that there is a significant sex difference 

in the gastric secretory response of anaesthetized cats to histamine, and also 

that previous treatment with stilboestrol will inhibit this response in both sexes, 
females being more sensitive. Further experiments have been done on 
female cats 4-6 weeks after spaying. Some of these animals were given 
daily intramuscular injections of 0-25 or 0-5 mg. of stilboestrol dipropionate in 
oil, for 10-14 days. The average secretory response to histamine of spayed 
cats was significantly greater than that of normal females and did not differ 


significantly from that of normal male cats. 
of secretion/10 min. + 
j 


No. uice m. equiv. free HC]. 
Normal males 13 3:24+0-31 0-377 +0-038 
Normal females 13 _ 17440-22 0-196 + 0-027 
Spayed: Untreated 13 3-00+0-35 0-407 + 0-062 
Spayed: Stilboestrol 
0-25 mg. daily 3 1-14+4.0-40 0-094 + 0-070 
0-5 mg. daily 4 » 0-53+0-12 0-022 +.0-013 


_ The average secretory response of spayed cats was reduced by stilboestrol 
treatment, but a daily dose of 0-5 mg. stilboestrol was required to produce 
about the same inhibition as 0-25 mg. in normal cats (Ojha & Wood, 1950). 
Oestradiol dipropionate (2-5 mg. daily) has a similar depressant action on 
secretion. The effects of other oestrogens and of non-oestrogenic substances 
chemically similar to stilboestrol are being studied. | 

* Government of India Scholar. i i 

Reasandh Ooletdl DB. W. This work was aided by an expenses grant from the Medical 

REFERENCE 


Ojha, K. N. & Wood, D. R. (1950). Brit. J. Pharmacol. 5, 389. 


The inhibitory effect of urogastrone at different rates of gastric 
secretion. By D. R. Woop. Department of Pharmacology and Therapeutics, 
University of Sheffield 

Urogastrone has been prepared according to the method of Gray, Wieczorowski, 

Wells & Harris (1942). We have shown in five of seven acute experiments in 

anaesthetized cats (pentobarbitone or chloralose) and in one experiment in 
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a dog with a Heidenhain stomach pouch, that the inhibitory effect on gastric 
secretion of a dose of this preparation is partly dependent on the rate of 
secretion at the time of injection. The inhibitory effect was less at high rates of 
secretion. During secretion due to continuous intravenous infusion of 7-5-20 yg. 
of histamine per min. in 0-9% NaCl, inhibition is estimated by comparing the 
_ average steady rates of secretion before and after injection of a dose of uro- 
gastrone (U8 or U10). The result of experiment A is typical of that in five cats 
and in the dog. In the other two cats, as in B, inhibition was less at the lower 


secretion rate: Steady secretion rate/10 min. Av. % inhibition 
Dose “ml. juice m.equiv. HCl " juice acid 
1 mg. 4-0 0-557 31:5 21:5 
ow 10 0-159 75 79 
B 0-5 mg. 3:65 0-479 48 485 
U 10 1-65 0-199 19 16-5 


: These resulta are consistent with the earlier findings in dogs by Gray, Bradley 
& Ivy (1937), Blickenstaff & Grossman (1949) and Obrink (1950) with entero- 
gastrone and by Code, Blackburn, Livermore & Ratke (1949) with gastric 


These observations must be considered in designing an assay of a substance 
| inhibiting gastric secretion. Quantitative tests should preferably be made at 
50% or more of the maximal secretory rate (Code et al. 1949; Obrink, 1950). 

_ This work was aided by an expenses grant from the Medical Research Council. 
REFERENCES 
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_ Relation of heart rate and body temperature in man at rest. By 
- J.M. Tanner. Sherrington School of Physiology, St Thomas’s Hospital, London 


Under uniform conditions of rest, both heart rate and body temperature are 
relatively constant for a given individual, while varying considerably from one 
individual to another. Heart rate, rectal temperature and oral temperature 
have been measured twice, approximately 8 days apart, on forty-six healthy 
young men. The subjects were lying down. Room temperature varied from 
16 to 20°C., being over 17-5°C. on all except four occasions, and bore no 
_ Telation to revtal or oral temperature or to heart rate. The experiments all 
took place between 10.30 a.m. and noon, and no significant fluctuation of body 
temperature occurred over this restricted time of day.  - 

Heart rate becomes stable in most people about 6 min. after they lie down, — 
and the figure used in the calculations was the average of ten determinations 
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taken over half-minute intervals from 6 to 15 min. after the beginning of the 
experiment. Over the 8 day period the reliability coefficient (which is approxi- 
mately the same as the test-retest correlation) was 0-60 for heart rate, 0-58 for 
rectal temperature and 0°73 for oral temperature; these figures do not differ 
significantly. The between-individual correlation between rectal and oral 
temperature was 0-84. i 
The between-individual regression coefficients of heart rate on rectal and 
oral temperatures were 4-534 1-56 and 6-11+1-36 beats/min./° C. rise. The 
correlation coefficients were 0-40 and 0-57. The taking of two measurements of 
each variable on each individual allows an adjustment of these figures for 
unreliability of measurement to be made; the estimated correlation between 
stabilized or ‘true’ values (i.e. the means of very large numbers of determina- 
tions) of heart rate and oral temperature under these conditions is 0-62. 

It appears, therefore, that of the various factors associated with heart rate 
at rest, body temperature is probably the most important single one; between 
one-third and perhaps one-half of the between-individual variability in heart 
rate is associated with variation in the temperature of the blood. 


Factors associated with foetal death in the rat. By J. F. D. Frazer. 
Physiology Department, St Mary’s Hospital Medical School, London 


The strain of rats used for this work was a mixed inbred one, originating eight 
years ago in Wistar albino and Lister hooded strains. They were kept under 
constant conditions of diet and temperature throughout the year. — 

Female rats were swabbed daily and separated from males on the appearance 
_ of spermatozoa in the vaginal smear. This was taken as ‘Day 0’ of pregnancy. 
On the 9th day laparotomy was performed on all females. If more than six 
foetuses were present the surplus were killed by crushing (Huggett & Pritchard, 
1945). At this time implantation sites, including those where resorption had 
already occurred, were easily visible and were noted. The rats were later killed 
between the 17th and 21st days, and the number of foetuses again noted. 
Factors associated with foetal death varied as between loss of whole or part 
litters. Death of whole litters before the 9th day was associated with heavy 
(and hence older) mothers, and with unusually high or low numbers of ova 
implanted. Small litters present on the 9th day usually died later. 

Statistical analysis indicated that partial loss of litters before the 9th day 
was also associated with an unusual number of ova implanted and was highest 
in the summer. After the 9th day a further factor was found statistically to be 
responsible for partial loss of litters. 


| REFERENCE 
Huggett, A. St G. & Pritchard, J. J. (1945). J. Physiol. 104, 4P. 
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_ Interruption of pregnancy with ACTH and sone. By J. M. Rosson 
and A. A. Department of P Guy's Hospital Medical 
School 
_ Five 11-day pregnant mice were treated with ACTH (74AX, a preparation 
_ assaying 50% of the Armour LA-A standard). Three of these received 1-2 mg./ 
_ day (i.e. equivalent to 0-6 mg. of the standard) for 5 days in four daily doses at 
_ 6-hourly intervals, and two received a single implant containing 10 mg. 74AX 
_ (equivalent to 5 mg. of the Armour standard), Abortion occurred in the three 
_ injected mice, while the two implanted mice showed reabsorption. One 11-day 
_ pregnant mouse was injected with the same dose of a pure preparation (J 19807 
_ =—potency=500% of the Armour standard) for 5 days, but the pregnancy 
- continued normally. The 74AX preparation of ACTH was assayed and found 
to contain 0-002 unit of oxytocic activity or less per mg. 
- Five 12-14-days pregnant rabbits were treated 6-hourly with ACTH. The 
total daily dose was equivalent to 2 mg. of the Armour standard in the first 
_ two (treated with 71-50 R) and 5 mg. in the other three. The duration of treat- 


ment was 5-7 days, except in the animal which aborted. The first two rabbits 


were treated with a preparation (71-50R) assaying 20%, of the standard; in 
_ one, reabsorption of the uterine contents occurred, while in the other pregnancy 
‘was not interfered with. One rabbit received the 74AX preparation, and 
aborted 2 days after the first injection. Two rabbits received the preparation 


- J19807: in one of these reabsorption occurred while the other went on to 


full term. Two 15-day pregnant rabbits were spayed and the pregnancy 
- maintained with 3 mg. of progesterone per day, the first injection being given 
on the day before ovariectomy. The animals were treated with ACTH (74AX) 
_ and reabsorption was produced in both. This dose of progesterone is ample to 
maintain pregnancy in rabbits at this stage of pregnancy, as was confirmed in 
a control animal. 

Five mice, 11 or 12 days pregnant, received 2 mg. of cortisone per day (in 


two doses), for periods up to 5 days. In four of these reabsorption occurred. 


In the fifth, the pregnancy was apparently normal 6 days after the beginning 
of treatment. 

Pregnancy can thus be interrupted both by cortisone and by ACTH pre- 
parations. 


The expenses of this investigation have, in part, been defrayed by a grant from the Medical 
Research Council (to J.M.R.). 
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The conversion of pregnenolone to a more active progestational 
substance by incubation with corpus luteum, adrenal or placenta. 
By J. A. Nissrm and J. M. Rosson. Department of Pharmacology, Guy's 
Hospital Medical School 

The ability of the adrenals to convert mineralo-corticoids to gluco-corticoids 

has recently been demonstrated by a number of workers (Hechter, Jacobsen, 

Jeanloz, Levy, Marshall, Pincus & Schenker, 1949; Hayano, Dorfman & Prins, 

1949; Nissim & Robson, unpublished). It seemed reasonable to suppose that 

analogous enzymatic transformations of steroids might take place in other 

endocrine organs. The investigation of the ability of the corpus luteum to 
convert pregnenolone to progesterone was therefore undertaken. Although 
pregnenolone is closely related to progesterone in structure its progestational 

activity is 40-100 times less (Selye & Masson, 1943; Butenandt, 1937). 

20 mg. of flocculated pregnenolone was incubated with 5-0 g. of minced beef 
corpora lutea and 25 ml. of phosphate-saline-dextrose buffer (pH 7:4) at 38° C. 
for 6 hr. The incubated material was extracted four times with acetone and 
three times with ethylene dichloride, and the extract taken up in 2 ml. olive 
oil. 3 

Each of five such extracts was tested on two spayed, oestronesensitized 
rabbits for progestational activity. Each rabbit received a total dose of 
0-8 ml. of the extract containing the equivalent of 2-0 g. corpus luteum and 
8-0 mg. pregnenolone. All rabbits showed marked progestational proliferation 
(+3 or +4 on the McPhail (1934) scale). | 

Control studies were made with pregnenolone and with extract of corpus 
luteum incubated without steroid (eight rabbits). Two rabbits received extract 
of incubated corpus luteum as well as pregnenolone which had been separately 
incubated with buffer and extracted as usual. All these control experiments 
yielded negative results. 7 : 

Mamoli (1938) showed that certain bacteria from yeast could convert preg- 
nenolone to progesterone. In the present study it was found that the glands 
received from the slaughter-house were heavily infected. To exclude bacterial 
action two experiments were carried out under sterile conditions. There was 
no diminution of progestational activity in either experiment. 

Negative results were obtained when pregnenolone was incubated with 
spleen or with ovaries not containing corpora lutea, No sterile precautions 
were taken here and smears showed prolific contamination. The incubation of 
pregnenolone with beef adrenal and with sterile human placenta, however, 
yielded evidence of active conversion (+ + + +proliferation). The total number 
of rabbits used in positive experiments is 19, and in negative experiments 18. 


The expenses of this investigation have, in part, been defra Medica 
Research Council (to J.M.R.). 


| 
> 
¢ 
} 
ty 
a 


SOCIETY, 17 FEBRUARY 1951 18 P 
: REFERENCES 

_ Butenandt, A. (1937). Bull. Soc. Chim. biol., Paris, 19, 1477. 

_ Hayano, M., Dorfman, R. I. & Prins, D. A. (1949). Proc. Soc. exp. Biol. Med., N.Y. 72, 700. 


Hechter, 0., Jacobsen, B. P., Jeanloz, R., Levy, H., Marshall, C. W., Pincus, (@. & Schenker, V. 
(1949). J. Amer. chem. Soc. 71, 3261. 


Mamoli, L. (1938). Ber. disch. chem. Ges, 71, 2701. 
McPhail, M. K. (1934). J. Physiol. 88, 145. 
Selye, H. & Masson, G. (1943). J. Pharmacol. 77, 301. 


Secretion and rate of flow of the aqueous humour in the cat. By 
M. LancuaM. Ophthalmological Research Unit (Medical Research Council), 
Institute of Ophthalmology, London, W.C. 1 


The difficulty of maintaining the eye in a physiological state precludes measure- 
ment of the rate of flow of the aqueous humour by direct cannulation. The 
trates at which a slowly penetrating substance accumulates in the aqueous 
humour, and the value of R,, , the steady-state distribution ratio (ratio of the 
concentrations of a substance in the aqueous humour and the plasma water 
when the concentration in the aqueous humour is no longer rising) may be 
used, with certain assumptions, to derive the approximate rate of flow of the 
aqueous humour (Barfny & Kinsey, 1949). In the present work the rate of 
penetration of cysteine and ascorbic acid into the aqueous humour of the cat 
has been studied from this viewpoint; the computed rate of flow was 14-5 mm.?/ 
_ min. for cats having an aqueous humour of average volume 1-0 ml. This 
represents 1-45°%, of the volume per minute, a figure corresponding to 1:1% 
per minute found by Béraény & Kinsey in the rabbit; it is of interest that 
although the volumes of the aqueous humour in the two species are greatly 
different, the percentage turn-over rate is the same. The equilibrium distribu- 
tion ratio for cysteine was found to be independent of the concentration 
maintained in the plasma, a finding which is suggestive of an entry by a simple 
diffusion process. In contrast, with ascorbic acid the value of Rg was found 
to decrease from a value greater than unity in the resting state (0-5—1-0 mg./ 
100 ml. blood plasma) to approximately 0-26 when the concentration in the 
plasma was maintained at 50-60 mg./100 ml. It is suggested that this result 
may be due to an entry process dominated by secretion at low, and by diffusion 
at high, concentrations in the plasma. 


REFERENCE 
Bérdny, E. & Kinsey, V. E. (1949). Amer. J. Ophthal. 82 (11), 177. 


Effect of dehydration in experimental obesity. By G. C. Kennepy 


Preservation of red blood cells at —79°C. By H. A. Stovirer 
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Distribution of histamine and substance ‘P’ in the wall of the 
digestive tract of the dog. By W. W. Dovetas, W. Fetpsere, W. D. M. 
Paton and M. Scuacuter. From the National Institute for Medwal Research, 
Mill Hill, N.W.7 


The histamine equivalent of the different iia of the dog’s digestive tract was 
determined by extraction with acidified saline, brief boiling, and assay on the 
atropinized guinea-pig’s ileum (Table 1). The results show that: (1) the 
oesophagus contains relatively little histamine; (2) the gastric mucosa of fundus 
and corpus about twice as much as that of the pyloric region (confirming 
Emmelin & Kahlson, 1944); (3) the histamine in the wall of the small intestine 
progressively decreases towards the ileum; all layers except muscularis mucosae 
share in this gradient; (4) in the wall of the small and large intestine, where the 
muscularis mucosae could be separated, it yielded a higher histamine equivalent 
than any other layer; (5) the muscularis externa always contained less histamine 
than the mucosa, whereas (6) the submucosa, although free from muscle and 
glands, contained relatively large amounts. 


Taste 1. Average values from three dogs of histamine equivalent 
(ug. of base per g. fresh tissue) 


G.M. M.M. M.E. Wholewall . 

Oesophagus (<— —>) 8 17 
Stomach 

Fundus (<—————127. > 58 32 69 

Corpus < 1 ) 100 25 69 

Pyloric region 48 14 
Duodenum - 89 128 74 40 89 
Jejunum 88 124 51 26 74 
Upper Deum 54° 143 35 64 
Lower Ileum 32 110 $l 19 50. 
Colon 143 29 7 44 
Rectum 7 . 130 $i 14 42 


G.M. =glandularis mucosae; M. =muscularis mucosae; 8.M. 
. M.E.=muscularis externa. 


In addition to histamine « substance resembling iia : p> of von Euler 
& Gaddum (1931) was found. There was little in oesophagus and stomach, but 
large amounts in the small and large intestine. These large amounts were 
mainly present. in the two layers of the mucosa, particularly in muscularis 
mucosae, 5-10 mig. of which “contained as much activity (on the atropinized 
guinea-pig’s gut after mepyramine and on the blood-pressure of the atropinized 


as 1 mg. of of substance ‘P’ by von 
REFERENCES 
Kmmelin, & Kehlson, & (1944). Acta physiol. Scand. 8, 289. 
von Euler, U. 8. & Gaddum, J. H. (1981). J. Physiol. ih. 


The relationship between frequency and force of contraction in 
mammalian cardiac muscle, By MoK. 
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A twin field micro-stimulator. By H. Harrrince 


_ An apparatus for demonstrating the importance of ‘Senaesien 
in stereoscopic vision. By H. Harrrince 


Stimulation of a single-unit optic nerve preperstion in the rabbit. 


By L. C. THomson 


The measurement of the absorption spectra of retinal extracts. 
By H. J. A. 


An apparatus for investigation of the characteristics of peripheral 


colour vision. By R. A. WraLz 
Some examples of the action of botulinum toxin. By N. AMBACHE 


An attachment to a slit-lamp for measuring thickness 
of the cornea. By D. M. Maurice 


Aplanatic tonometer for measuring intra-ocular pressure. 
By D. M. Maurice 


Apparatus for the investigation of respiratory and metabolicchanges 


in the cornea and the crystalline lens of the living animal enclosed 
in a gaseous atmosphere of known composition. By M. Lancuam 


The ocular circulation demonstrated by neoprene casts. 
By N. AsHTon 
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Experiments on intra-ocular pressure with a manometer which 
' records photographically. By D. P. Greaves 


The aqueous veins of the rabbit. By E. 8. Perkins 


Spontaneous local activity at the nerve-muscle junction. By P. Farr 

and B. Karz. Physiology Department and iit he Research Unit, 

University College, London 

A spontaneous local discharge has been described at. the myoneural junction 
(Fatt & Katz, 1950a) consisting of miniature end-plate potentials (e.p.p.’s) 
which repeat at random intervals. The phenomenon will be demonstrated in 
the Mm. sartorius and extensor longus dig. IV of the frog. An intracellular 
recording electrode will be used, though at times it is possible to find a very 
sharply localized spot on the fibre surface from which the spontaneous dis- 
charge can be recorded without penetrating the fibre. When the electrode is 
placed at different points inside the fibre, the individual discharges are found 
to have the characteristic time course and spatial spread of the e.p.p. (Fatt & 
_ Katz, 19505), but a much smaller amplitude (about 0-5 mV. compared with more 
than 50 mV. during normal impulse transmission). Their size is diminished by 
curarine, and their duration and amplitude increased by prostigmine which will 
be used during the demonstration. The discharge disappears within a few 
weeks after denervation, and it is presumably due to a spontaneous activity 
at individual nerve terminals and, more specifically, of their local acetylcholine- 


release mechanism. 
REFERENCES 


Fatt, P. & Katz, B. (1950a). Nature, Lond., 166, 597. 
Fatt, P. & Katz, B. (19500). J. Physiol. 111, 46P. 


Pathways through the inferior mesenteric ganglion of the rabbit. 
By G. L. Brown and J. E. Pascoz. Department of Physiology, U — 
College, London, W.C. 1 


The superior cervical and inferior mesenteric ganglia of the rabbit survive for 
many hours when isolated and immersed in Locke’s solution equilibrated with 
95% oxygen and 5% carbon dioxide at room temperature. The size of the 
transmitted spike and the ganglionic after-potentials are little reduced 24 hr. 
after isolation. The preparation is mounted on electrodes in an airtight assembly, 
and electrical records are made with the ganglion in air. Attempts were made 
to record in liquid paraffin, but it was found that the size of the response 
rapidly declined; soaking the preparation in Locke’s solution led to complete 


recovery. We have, therefore, abandoned the use of paraffin during both 
dissection and recording. 
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We have used the isolated preparation particularly to study pathways in the 
inferior mesenteric ganglion; this, in the rabbit, is a single structure lying in 
the angle between the aorta and the cranial aspect of the inferior mesenteric 
artery (Fig. 1). It is connected with the aortic plexus and the sympathetic 
chain through the inferior splanchnic nerves, and with the accessory ganglion 
lying caudal to the inferior mesenteric artery; its most conspicuous connexions 


_ are the*bundle of nerves running from its ventral surface towards the colonic 


vein and eventually forming the intermesenteric nerve (Kuntz, 1940). This nerve, 
with which we are most concerned, joins the coeliac plexus (see also Langley & 


Colonic Inferior 
mesenteric 


_ Anderson, 1896). 


Cranial 
Intermesenteric | Accessory 
Aorta 
1m. 


_ Fig. 1. Diagram of inferior mesenteric ganglion seen from the right side, showing position of 


stimulating and recording leads. S,, stimulating leads on intermesenteric nerve. S,, stimu- 
lating leads on inferior splanchnic nerve. . 


Stimulation of the intermesenteric nerve through electrodes applied some 


30 mm. cranial to the ganglion evokes a discrete spike conducted at a velocity 
of 0-5 m./sec. at 20°C. It is followed after an interval by a second, smaller 
_ response of opposite sign, travelling out from the ganglion at approximately 


the same velocity as the ingoing volley. The outcoming volley is abolished by 


_ painting the ganglion with nicotine and by adding p-tubocurarine chloride to 


the bathing solution. | 
It appears, therefore, that the intermesenteric nerve contains pre- and post- 


ganglionic fibres with synaptic connexions in the inferior mesenteric ganglion. 


Estimations of conduction velocity in the nerve show that the delay within the 


_ ganglion is unusually long, 60-100 msec. at 20° C., with a Q,, of approximately 2. 
This long delay is not a result of the antidromic bombardment of the ganglion 


cells, since it is equally long when the ingoing volley is set up in one branch of 
the intermesenteric nerve, and the outcoming volley is recorded in another. 
The ganglionic delay observed with stimulation of the inferior splanchnic 
nerve is always less (25-40 msec. at 20° C.). | 
The outcoming spike is only about 10% of the ingoing, but this is probably 


largely attributable to the great temporal dispersion which it shows. Experi- 
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ments in which two volleys were set up at varying intervals suggest that the 
outcoming volley may be dispersed over more than 200 msec. . 
- The inferior splanchnic nerve supplies pre-ganglionic fibres to a small group 
of post-ganglionic fibres running in the intermesenteric nerve. There is some 
evidence that excitation of the pre-ganglionic intermesenteric fibres occludes 
the discharge normally set up by stimulation of the inferior splanchnic nerves. — 


REFERENCES 


Kuntz, A. (1940). J. comp. Neurol. 72, 371. 
Langley, J. N. & Anderson, H. K. (1896). J. Physiol. 20, 372. 


Isolated ventricle-strip preparations from the fresh-water mussel 

(Anodonta) and the marine mussel (Mytilus). By R. Piterm. 
_ Department of Zoology, University College, London 
Isolated strips, comprising about half of the ventricle of Anodonta (taken 
longitudinally and without the rectum), show a slow but very regular rhyth- 
mical beat if allowed to settle down for 24 hr. under the tension of a light 
isotonic lever (about 200 mg. for animals 12-13 cm. long). The left and right 
halves show comparable rhythms and thus provide good opportunity for running 
control preparations from the same animal. A suitable bathing medium has 
been found in Plymouth aquarium sea water diluted to 4% with m/400- 
NaHCO,; this results in a solution of which the osmotic pressure is that of 
Anodonta blood, where A is approximately —0-1° C. In this medium the pre- 
parations have been maintained in an active condition for up to 8 days after 
removal from the animal. 

A similar preparation has been used from Mytilus, in this case by taking the 
whole ventricle longitudinally and without the rectum. This preparation 
settles down in an hour or two under a tension of 100-150 mg.; undiluted sea 
water is used as a bathing medium since this has an osmotic pressure and 
chemical composition close to that of Mytilus blood; the preparations have 
been maintained for 3 days in this manner. In neither case has any nutrient | 
_ been added, nor has it been found necessary to aerate the media during experi- 
ments, but it is desirable to refresh them daily with well-aerated solution. 

These preparations were devised during an investigation into the effects on 
lamellibranch rhythmical tissues of changes in osmotic pressure of the blood 
following similar changes in the outer environment. 


The work was done under the tenure of a New Zealand Government National Research 
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- Local responses due to stimulation at a single node of Ranvier. By 


J. DEL and L. Srarx. Department of 
Unwwersity College, London 


A frog sciatic-gastrocnemius preparation is dissected in the manner described 
by Tasaki (1939) and modified by Stampfli (1946), so that a distal portion of 
the nerve trunk is reduced to a single nerve fibre, still attached to the muscle. 
Three pools of Ringer’s solution are separated by vaseline ridges; the fibre is 
__ placed over the ridges so that the central pool contains a single node of Ranvier 
insulated from adjacent nodes. The internodes resting on the ridges are pro- 
tected by paraffin oil; the whole is enclosed in a moist chamber. The muscle 
continues to twitch on stimulating the proximal end of the nerve. 
__ Potential changes are recorded at the point of stimulation in the central pool 
_ while applying brief shocks of varying intensity to the nerve fibre. When the 
__ strength of the stimulus approaches threshold, a small local response is observed 
_ in the form of a hump on the subthreshold potential similar to that: previously 
_ described in medullated nerve trunks and non-medullated axons. The local 
response becomes particularly clear at threshold strength when successive 
_ stimuli produce a random display of potential changes, the hump varying 
continually in amplitude and duration, and occasionally giving rise to a more 
less delayed spike. 
REFERENCES 


Stampfli, R. (1946). Helv. physiol. pharmacol. Acta, 4, 411. 
Tasaki, I (1939). Amer. J. Physiol. 125, 367. 


_ A modified Czermak head-holder. By P. 0. Bisuor,* G. L. Brown and 
A. Kearney. Departments Anatomy and 
London, W.C. 1 


_ The conventional Czermak head-holder as supplied by Messrs C. F. Palmer 

- suffers from several disadvantages: the curvatures of its static members make 
it difficult to construct, the bearing of the wing-nut is weak, the length of the 
main holding rod is such that rotation of the animal’s head about a bitemporal 
axis is difficult, and, finally, the hinged piece, even in the modified pattern, 
obscures the eyes. 

The new pattern is constructed in mild steel, the side members (a) are made 
from % in. rod, flattened and turned down ‘to } in. at the ends. They carry 
__ a trunnioned anchor plate (5) for the screw adjustment. The clamping lever is 

fashioned to exert pressure on the head in the middle line in the region of the 
_ bregma, In the pattern shown it was fabricated from three steel bars, but for 
a production model the whole of this part could be cast. The curved member is 


-* Present address: Department of Surgery, University of Sydney. 
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fixed to the cross-bar at the point where the adjusting screw is attached, and — 
to the lateral arms. The clamping mechanism then can rotate only about the 
pivot (c), which also carries the removable pin (d). 


Diagram of head-holder. Lettering refers to text. 


Rotation of the head in the bitemporal axis is secured by movements at the 
clamp (e). 

The holder is relatively easy to construct, is robust and gives adequate 
immobilization of the head in anaesthetized and decerebrate animals. There is — 
- satisfactory access to the eyes. | 


The separation of the organic phosphates in muscle by paper 
chromatography. By P. C. CatpweLt and E. J. Harris. Biophysics 
Research Unit, University College, London 


Chromatographic methods for the separation of phosphate esters have been 
worked out by Hanes & Isherwood (1949). The demonstration illustrates the 
use of these methods in the study of the phosphate esters in muscle. 


REFERENCE 
Hanes, C. 8. & Isherwood, F. A. (1949). Nature, Lond., 164, 1107. 


Micro-injection of substances directly into the spinal cord of the 
cat. By D. W. Kennarp. Pharmacological Laboratory, University College, 
London 

Substances are introduced into the spinal cord by means of a glass micro- 

pipette, and the action of two antagonist muscles in the leg is recorded simul- 

taneously by mechanical methods. After exposure of the cord the pipette is 
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introduced into the region of the anterior horn cells in the lower lumbar seg- ~\ 
ments, from a lateral direction. 

The pipettes used have a double bore, and the total external diameter is 
about 40 1. With this apparatus two different solutions may be applied at the 
same point, without the necessity for withdrawal of the pipette, and the effect 
of saline and various test substances can be compared. 

The minimal volumes injected are 10~*c.c. To locate the site of injection 
carbon particles of less than 4. are deposited at the same time, and the cord 
is sectioned after the experiment. 

Contractions of muscle have been observed on injection of 5x10-"g. 
acetylcholine chloride in a concentration of 1: 5 x 10-7. 


Potentiation of the actions of histamine by antihistaminases. 
By Ovurai J. L. Monear and H. O. 


Equipment for collecting urine from rats in a thermo-regulated 
room. By 8. E. Dicker 


The mechanical properties of glycerol-extracted muscle fibres 
activated by ATP. By Anne M. Weser and D. R. Wikre 


The effects of adrenaline and noradrenaline on the rabbit’s 
isolated stomach. By H. E. Lewis 


Some observations on bronchial tone. By M. pz Bures Daty 
and A. SCHWEITZER 


The external carotid rete mirabile in the cat. By Drrm 
CHUNGCHAROEN and D. H. L. Evans © 


Nerve fibre diameters in regenerating sensory nerve trunks. 
By T. A. QuiLLiIaM 


_ Bicycle ergometers in push-pull, for positive and negative work. 
By B. C. Assor and J. M. 


, Effects of choline on neuromuscular transmission. By 0. F. Hutter 
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Estimation of plasma choline. By J. BuicH 


Tension recording by mechano-electronic transducer. 
By A. V. 


- The effect of common carotid occlusion on intrasinusal pressure. 
By M. pe Bureu Daty and A. SCHWEITZER 


The carotid sinus. Part I. Baro-receptors. By C. JENKINS 
and A. ScHWEITzER. (Film). 


Effect of adrenaline on Parkinsonian tremor. By C. B. B. Downman 
and R. 8. Durr. (Film) 


The role of adrenaline in the reaction of the adrenal cortex to 
emotion. By Martue Voct. Pharmacological Laboratory, The University, 
Edinburgh 

Adrenal demedullation reduces, but does not abolish the release of ACTH ae 

to emotion. Possible explanations of this phenomenon are discussed. 


Discriminant function scale for androgyny. By J. M. TANNER 


The renal response to diuretics in newborn rats. By S. E. Dicker. 
Department of Pharmacology, University College, London 

Newborn rats are unable to concentrate their urine as well as adults, nor are 
they able to dilute their urine as adults can in response to administration of 
water (Heller, 1947; McCance & Wilkinson, 1947). It was therefore of interest 
to see whether newborn rats would respond to the administration of diuretics. 
The drugs used were injected subcutaneously at the same time as inulin 
(2:0 ml./100 g. of a 5% solution of inulin) into hydrated and non-hydrated 
newborn rats, aged 24 and 120 hr. Rates of urine flow and U/P ratios for inulin, 
and hence inulin clearances, were compared with those observed in adult rats 
treated in the same way. It could be shown that in newborn rats, aged 24 hr., 
values for inulin U/P ratios varied from 20 to 150, with urine flow varying 
from 0-005 to 0-0007 ml./100 g./min. The mean values for inulin clearances 
(=glomerular filtration rate) amounted to 0-10 +0-008 (37) ml./100 g./min. 
There was no water diuresis following water administration; the glomerular 
filtration was not correlated with the urine flow. In non-hydrated infant rats 
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- aged 120 hr., the values for inulin U/P ratios varied from 30 to 270, with urine 
_ flow varying from 0-005 to 0-0015 ml./100 g./min. The mean values for inulin 
_ ¢learances amounted to 0-23+0-017 (21) ml./100 g./min. The administration 
_ of water resulted in a moderate diuresis (McCance & Wilkinson, 1947), 
accompanied by an increased glomerular filtration rate. The administration of 
diuretics such as sodium cyanate, potassium acetate and theophylline sodium 
' acetate had practically no effect in newborn rats 24 hr. old, whether hydrated or 
not. When injected in infant rats aged 120 hr. they had some diuretic effect. 
Sucrose, however, injected subcutaneously in non-hydrated 24 hr. old newborn 
rats, produced a marked diuresis: they excreted a volume of urine equal to 
3 ml./100 g. body weight in 6 hr. When sucrose was injected in non-hydrated 
infant rats, aged 120hr., the urine excretion amounted to nearly 4 ml./100 g. 
body weight. This figure is comparable with that obtained i in non-hydrated 


- adult rats, injected with a similar dose of sucrose. 


REFERENCES 


Heller, H. (1947). J. Physiol. 106, 245. 
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The teaching value of a scientific film. By H. E. Lewis and Hannan 


STEINBERG. Departments of Physiology and Pharmacology, University College, 
London 


A film on the carotid sinus, intended to supplement lectures, was made by 
Schweitzer (1950) at University College, London. The opportunity was taken 
to make a pilot study of (i) changes in students’ factual knowledge after the 
film, (ii) the students’ own evaluation of the film, and (iii) specific features of 
the film which might influence the results under (i) and (ii). : 
An objective test was constructed in the form of a questionnaire with 
‘multiple-choice’ answers, covering most of the subject-matter of the film. 
The subjects in the experiment were seventy-two senior Second M.B. 
students who had attended classes on the circulatory system the previous 
session. To determine their existing knowledge, the students were all tested 
without preliminary warning by the questionnaire on the carotid sinus. Three 
days later, half the class (the ‘Film Group’) were shown the film and assessed 
its technical and teaching qualities on a detailed form adapted from that used 
by the Scientific Film Association. The other half of the class did not see the 
film but served as ‘Control Group’. Four days after the film was shown, the 
whole class (Film Group and Control Group) was again tested by the question- 
naire on the carotid sinus. After an interval of 2 months the questionnaire was 
given to all the students for a third time. The purpose of using a Control Group 
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was to eliminate the effects of merely repeating the questionnaire and of any in- — 
crease in knowledge resulting from other instruction in physiology in the interim. 

The results of the subjective assessment of the film were, with few exceptions, 
favourable both to its technical and its teaching qualities. : 

The mean scores on the questionnaire before the film was shown were 28-97 
(s.D. = 5-22) for. the Film Group and 26-00 (s.p.=5-63) for the Control Group 
(maximum=50). After the film had been shown, the Film Group scored 36-18 
(s.p. =5:18), and the Control Group 27-85 (s.p.=5-68), showing a mean gain 
of 7-20 for the Film Group as compared with only 1-85 for the Control Group. 
The difference in mean gain (5-35) between the two groups was tested by 
Student’s ‘t’ ratio and found to be highly significant (¢=4-78, P<0-001). It 
may be interpreted as an increase in knowledge as a result of seeing the film. 
The third testing with the questionnaire showed that the scores of each group 
had not altered significantly since the second testing; the Film Group still 
maintained their gain 2 months after the film had been shown. 

The changes in the responses to individual questions before and after the 
film were analysed to reveal likely weak spots in the students’ knowledge and 
in the effectiveness of the film. | 3 

It is hoped that the methods and results described may be of some interest to 
those who make and use teaching films and will stimulate further research, 
especially into the effectiveness of different methods of presentation. , 
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Mono-amine oxidase activity of blood vessels. By R. H. 8. Tompson 


and A. TickneR. Department of Chemical Pathology, Guy’s Hospital Medical 
School, London, S.E. 1 


Schapira (1945), using a qualitative test based on identifying the odour of 
hyacinths due to phenylacetaldehyde formed by mono-amine oxidase when 
acting on phenylethylamine, has recently reported the presence of this enzyme 
in the rabbit ear and in the jugular vein of the dog. Using both manometric 
and titrimetric methods we have carried out a quantitative study of mono- 
amine oxidase activity of isolated blood vessels of different kinds, including the 
arteries of the rabbit’s ear. | 

In the rabbit we have shown that the aorta, carotid, pulmonary, renal, 
brachial, femoral and ear arteries and the great veins contain an active mono- 
amine oxidase; the extra O, uptake of the minced vessels in the presence of 
0-01 M-tyramine hydrochloride amounts to approx. 325-675 pl. O,/g. tissue 
(wet wt.)/hr. for the aorta, carotid, pulmonary and renal arteries, and to about 
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125-350 yl. O,/g./hr. for the brachial, femoral and ear arteries and the great 
veins. The enzyme has also been shown to be present in rat and guinea-pig 
aorta and in the small muscular branches of human popliteal artery, the only 
human blood-vessel that we have so far studied. 

Both t-adrenaline and t-noradrenaline are oxidized at about one-third the 
rate of tyramine. 

3 REFERENCE 

Schapira, G. (1945). C.R. Soc. Biol., Paris, 139, 36. 


Differential reactivity of rabbits’ arteries to adrenaline. By K. J. 
Frankiin, P. J. Linpop and J. F. Pearce. Department of Physiology, 
St Bartholomew's Hospital Medical College, London 


In rabbit-vessel experiments adrenaline as distinct from noradrenaline can 
justifiably be used (Holtz & Schiimann, 1950; West, 1951; Gaddum, Jang & 
Kwiatkowski, 1939; Gaddum & Kwiatkowski, 1939). The hormone was intra- 
venously injected. Dosages, in yg./kg., for full constriction of arteries were of 
the order: ear 10, body wall 20, femoral 25, splenic 40-45, renal 50, internal 
carotid 100-120, vertebral same or perhaps higher, branches of spinal artery 
higher. Coeliac axis and superior mesenteric artery gave very varied reactions 
which, to judge from haemorrhage experiments, were in part attributable to 
undue load upon the arterial system as a whole under the experimental 
conditions. Otherwise, the decreasing reactivity from skin to brain vessels 
forms a complementary finding to that of Thompson and Tickner, reported 
in these Proceedings; it is discussed, in relation to other relevant physiological 
and clinical findings, in Franklin (1951). 
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 Noradrenaline and human suprarenal glands. By D. M. SazpHeErpD and 


G. B. West. Pharmacological —! University of St Andrews, Medical 
School, Dundee 


Human suprarenal glands were extracted as soon as possible after death and 
tested for their noradrenaline and adrenaline contents. Noradrenaline was 
present in all extracts (mean value 29 yg./g. fresh tissue); this represents about 
14% of the total catechol content. Extracts of glands of children under 1 year 
cld contained a higher proportion of noradrenaline than did extracts of adult 
glands, 
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The effect of adrenaline and of noradrenaline on the tremor of 
Parkinson’s disease. By H. Barcrort, E. Peterson and R. 8. Scxwas. 
E.E.G. Laboratory of the Massachusetts General Hospital 


The effect of infusions of adrenaline and of noradrenaline on the tremor of 
Parkinson’s disease was assessed both visually and from records of the in- 
tegrated potential of electromyograms. Adrenaline caused a clearly visible 
increase in the tremor in nine out of fourteen subjects and increased the average 
electromyogram response of the whole group by 200%. Noradrenaline had no 
significant visible effect on the tremor in any of the eight subjects tested, and 
increased the electromyogram response by only 25%. The excitatory action of 
adrenaline is probably not due solely to apprehension nor to elevation of the 
blood pressure. In normal subjects adrenaline sometimes causes tremor during 
intravenous but not during intra-arterial administration. This suggests the 
possibility that its effect on the tremor in Parkinson’s disease might be a 
one. 


The absorption of paraffin. By J. W..Danre1, A. C, Frazer, J. M. Frencu 
and H. G. Sammons. Department of Pharmacology, University of Birmingham 


Paraffin B.P. -passes into the intestinal cells of the rat provided that it is pre- 
emulsified to a particle size of less than 0-5 y. prior to intra-duodenal injection. 
Paraffin particles of larger size, or unemulsified paraffin, are not absorbed in 
this way (Frazer, Schulman & Stewart, 1944). Lundbaek & Maaloe (1947) were 
unable to demonstrate absorption of finely dispersed paraffin emulsions, but 
this negative result may be readily accounted for either due to inadequate 
emulsification or interference with particulate absorption. The observations of 
Berry & Ivy (1950) on dogs are not relevant to the problem of the passage of 
paraffin particles through the outer border of the intestinal cell, since lipid 
solvents were used for recovery of the Paraffin and the whole intestine was 
minced and extracted. 
If paraffin (density 0-845 at 19°C. and viscosity 12-1 cp. at 37°C.) was 
mixed with equal quantities of olive oil, 60+5% of the paraffin admin- 
istered—amounting to 120-150 mg. in each rat—could not be recovered. from 
the intestinal lumen. In longer term feeding experiments ten rats consumed 
_ 170g. of paraffin mixed with 177 g. of olive oil in 16 days. Only 36% of the 
paraffin was recovered from the faeces. 108 g. had disappeared. The paraffin — 
and olive oil mixtures were finely emulsified in the intestinal lumen, » 
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_ The mechanisms of acetylcholine synthesis. By W. E. Batrour and 
| Hews. Department of Physiology, University of Edinburgh 
_ Feldberg & Mann (1946), in their experiments on acetylcholine synthesis by 
extracts of acetone-dried brain, could not show any potentiation of synthesis 
with acetate. However, they demonstrated a large potentiation when citrate 
_ was added. We are now able to show that under certain conditions acetate can 
be just as effective as citrate. To demonstrate that acetate can be brought into 
reaction, it is necessary that: (1) the —SH groups of the enzyme be protected 
__ by cysteine during extraction and subsequently, (2) that acetate is not added 
_ inadvertently, and (3) purified coenzyme of acetylation (CoA) (Balfour & | 
Comline, 1951) is used rather than boiled brain extracts. 


pg. acetylcholine synthesized g. acetone-dried guinea-pig brain 


powder per hour 
‘Dislysed enzyme Resin treated _ 
: : (Feldberg & Mann) enzyme i: Additions 
0 ATP + acetate 
470* 0 ATP +CoA 
250-750 ATP + CoA + acetate 
40 0 Citrate 
400-900* 0 ATP + citrate 
0 CoA +citrate 

F 1100 1040 ATP +CoA + citrate 
ae * Acetate probably present as contaminant of ATP. 


The complete removal of CoA from the enzyme extracts by treatment with 
| an anion-exchange resin and the use of acetate-free ATP has demonstrated 
_ quite clearly (see table) that both systems (acetate and citrate) are wholly 
_ dependent on both CoA and high-energy phosphate bonds. The action of citrate 
: as acetyl-donor is also evident. The results obtained by Feldberg & Mann, 
particularly their high value for acetylcholine synthesis with citrate and ATP 
when dialysed enzyme is used, can be explained by residual CoA activity. That 
a remarkable affinity exists between CoA and the citrate system is shown by the 
very small amounts of CoA required to reactivate the system. There is no 
detectable synthesis of acetylcholine without re-addition of CoA. 


REFERENCES 
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The finer structure of sarcolemma. By C. SrraraMayya.* 
Department of Physiology, King’s College, London 
Bowman (1840) described sarcolemma as a tubular membranaceous sheath of 
_ the most exquisite delicacy investing every fasciculus from end to end and 
__ isolating its fibrillae from all the surrounding structures. Speidel (1939) studied 
* Madras Government Scholar. 
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it by producing retraction clots. Long (1947) defined sarcolemma as a double 
structure consisting of an inner layer, a plasma membrane and an outer layer 
of delicate reticular fibres closely adherent to the inner layer, but maintained 
that the membranous layer is too thin to be studied in ordinary, fixed and 
stained preparations. Jones & Barer (1948) carried out an electron microscopic 
investigation of sarcolemma and restricting the use of the term sarcolemma to 
the inner layer observed that this is about 0-1 yu. thick, and all that could be 
seen in the electron microscope was numerous dots of the order of 0-04-0-1 p. 
in diameter and arranged occasionally in a regular pattern, separated by a 
distance of 0-5. Reed & Rudall (1948), using the layer-stripping method, 
obtained similar results. Draper & Hodge (1949) obtained electron micrographs 
of the outer layer of sarcolemma. ; 

The object of the present investigation is to separate sarcolemma into the 
two layers and study them. by phase contrast and electron microscopy. The 
sarcolemma was separated into the two layers using Solger’s method (McClung, 
1950), and observed with the phase-contrast microscope. The micrographs show 
that the outer layer is made up of collagenous, elastic and reticular fibrils, 
while the inner layer is a thin membrane bearing imprints of myofibrils. These 
_two layers were again separately observed in the electron microscope, and the 
results agree with those of the earlier investigators. 

The structure conforms to the view that the inner layer is probably concerned 
with the ionic exchanges of muscle and the outer layer maintains the resting 
tension of the muscle fibres (Ramsay & Street, 1940). 
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The influence of low atmospheric pressure on the development 
of the retinal blood vessels in the rat. By F. W. CampsELi 


Intrarenal pressure in the anaesthetized dog. By F. R. Winton 


The non-specific narcotic action of DFP. By H. Davson 
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__ A method of determining blood flow by internal calorimetry. By 


J. Grayson. From the Department of Physiology, University of Bristol 


E Alterations in blood flow through animal tissue have been determined by the 


use of electrically heated thermocouples (Gibbs, 1933; Field, Grayson & Rogers, 

1949). Such methods, however, are mainly qualitative and are primarily 

adapted for acute experiments. The purpose of the present paper is to describe 

a method whereby observations made on different days, in different tissues or 
in different animals, may be compared quantitatively. 

Heated thermocouples made to standard specifications were embedded in 
the tissue concerned and the resting temperature measured with no current 
flowing through the heater. The current required to raise the temperature 
exactly 1° C. above the resting state was then determined. The heat production 
per minute in the resistance wire of a heated thermocouple is given by the 
formula, H = KI? R, where K is a constant, I is the current and R the resistance. 
Since K and R were constant in all the present experiments the heat output per 
minute necessary to maintain the 1° C. elevation in temperature was indicated 
by the square of the current measured in amperes (the J? value). 

In order to obtain measurements of value for blood-flow determination it 


was necessary to estimate the heat losses due to factors other than the circula- 


tion, i.e. thermal conductivity of the tissues. This was done by determining the 


_ J* values for tissues of experimental animals before and immediately after 


death and in the human forearm muscle with and without occluding the circula- 
tion. By subtracting the non-circulatory J? values from the J* values obtained 
with the circulation intact, the amount of heat carried away by the circulating 
blood was determined. 

Perfusion experiments laakcieaed im vitro using (a) heated thermocouples 
mounted in rubber tubes, (b) heated thermocouples embedded in isolated rabbit 
kidney, showed that the rate of flow was directly proportional to the J? value. 
It seems likely that in living tissues also, the rate of flow is directly proportional 
to the J value. Thus, provided heated thermocouples are made to standard 
specifications and provided it is possible to determine the non-circulatory heat 
loss, as in the human forearm and the rat liver, the J* value may be used as 
a quantitative index of blood flow. 
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The effect of anaesthesia on temperature and liver blood flow in 


rats. By J. H. Birnie and J. Grayson. Departments of Pharmacology and 
Physiology, University of Bristol 


Temperatures of the brain, liver and the peritoneal cavity of non-anaesthetized 
rats were determined by means of thermocouples previously implanted at open 
operation (ether anaesthesia). Observations were made on twenty animals. 
Resting temperatures were determined on consecutive days for a period of 
a week. In the non-anaesthetized rat the temperature of the liver was the 
highest of all organs studied (mean temperature 388°C.) with the brain 
(38-0° C.) and peritoneal cavity (37-7° C.) following in that order. 
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Fig. 1. The effect of ether anaesthesia on temperature and blood flow in the rat liver. 


When rats were subjected to ether anaesthesia for 15 min. there was a sharp 
decline in brain, liver and intraperitoneal temperatures, with the decline being 
approximately the same in each case. When the anaesthetic was discontinued 
there was a gradual return to normal temperatures in these organs within 
1}-2 hr. (Fig. 1). Animals under pentobarbitone sodium (Nembutal) anaes- 
thesia showed the same general temperature changes, but the observed altera- 
tions were more prolonged. 

Liver blood flow studies were conducted by internal calorimetry (i.e. the 
quantitative use of heated thermocouples, see previous communication). There 
was a sharp decline in liver blood flow during the period of anaesthesia with 
a prompt return to normal when the administration of the anaesthetic was 
discontinued. The liver temperature continued to decline while the blood flow 
was returning to normal suggesting a disassociation of these factors (Fig. 1). 
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“ The effect of calcium ions on the motor endplate potentials. By 


J. DEL and L. Srarkx. of Physiology, 
University College, London 


: It has been suggested (Feng, 1936; Cowan, 1940) that the amount of acetyl- 
_ choline which is liberated by nerve impulses at cholinergic terminals depends 


upon the concentration of calcium ions, [Ca], in the surrounding medium. This 
view is supported by observations of Harvey & MacIntosh (1940) on the perfused 
cat’s cervical ganglion, and also by the well-established fact that the size of 


_ the motor end-plate potential varies with [Ca] (Kuffler, 1944; Coppée, 1946). 


We have studied this relation further, using the curarized frog’s sartorius and 
found that over a wide range there is approximately linear proportionality 


between [Ca] and amplitude of end-plate potential. By changing [Ca] from 


0-45 to 7:2 mm., the size of the end-plate potential varies from 0-15 to 2-26 


times that obtained in Ringer's solution (1:8 ma.). 


In a series of parallel experiments we measured the depolarization of frog 


_ muscle caused by the addition of acetylcholine to the Ringer bath (see Fatt, 
1950). Varying [Ca] from 0-45 to 7-2 ma. did not produce a significant change 
_ in the sensitivity of the end-plates to applied acetylcholine, the depolarization 
_ produced by a given concentration of acetylcholine remaining unaltered. 


These results provide further support for the view that calcium acts on the 


: liberation of the transmitter substance at the nerve endings, and not on the 
_ receptor substance of the motor end-plate. 
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Respiratory failure produced by tetraethylpyrophosphate in the 
cat and the antagonistic action of atropine or hyoscine. By W. W. 
Dovetas anv P. B.C. MatruEews*. From the National Institute for Medical 
Research, Mill Hill, N.W.7 


In the anaesthetized cat intravenous doses of tetraethylpyrophosphate (TEPP) 

which cause death within a few minutes do so by abolishing respiration. 

Spirometer measurements of lung ventilation have shown air intake to cease 

shortly after injection, although the heart continues to beat for some time. 
* Research Training Grant from the Medical Research Council. 
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Failure of respiration is largely accounted for by neuromuscular block and 
cessation of impulses from the respiratory centre, and lies therefore primarily 
in the lung inflating mechanisms. There is also some bronchoconstriction. The 
effects of TEPP are usually reversible provided artificial ventilation is main- 
tained and spontaneous breathing may be recovered in about 30 min. 
Atropine or hyoscine is able to restore the activity of the respiratory centre. 
Within 10-30 sec. of intravenous injection of one of these drugs, impulses 
reappear in the phrenic nerve. If the atropine or hyoscine is injected several 
minutes after TEPP, when neuromuscular block has lessened, respiratory 
movements occur and breathing is re-established. If they are injected before 
TEPP or within the first few minutes after, the nerve impulses are prevented 
from restoring respiration by the profound neuromuscular block. 
Pentamethonium has been found to provide a partial protection against the 
neuromuscular block when injected before the TEPP. | 


Effect of an antihistamine on histamine release in unanaesthetized 
dogs. By W. D. M. Paton and M. ScgacnTer. From the National Institute 
for Medical Research, Mill Hill, N.W.7 


MacIntosh & Paton (1949) have shown in anaesthetized cats and dogs that 
a large group of compounds possesses the ability to release tissue histamine. 
We have used the gastric secretory response of dogs with gastric cannulae as 
a means of studying histamine liberation in the unanaesthetized animal; and 
for testing the action of an antihistamine drug on the liberating process, since 
the effect of histamine on gastric secretion is not sensitive to antihistamines. 

The subcutaneous injection of 100 mg. propamidine isethionate or of 10 mg. 
Compound 48/80 (Burroughs Wellcome) (Paton, 1951) causes the secretion of 
acid gastric juice in amounts from 20 to 130 ml. n/10-HCl, after 10-20 min. 
_ At the same time, oedema and redness of the face and signs of severe itchiness 
occur. These effects last for 1-2 hr. The volume of gastric juice is roughly 
equivalent to that produced by 1-2 mg. histamine acid phosphate sub- 
cutaneously. 

Whereas the signs of itchiness and the facial oedema are almost completel y 
abolished by mepyramine maleate (Neoantergan), in a dose of 2 mg./kg., the 
gastric secretion is actually somewhat increased. It is concluded that the 
liberation of histamine by these compounds is not prevented by neoantergan 
in a dose adequate to block the effects of histamine. The increase in gastric 
secretion due to a histamine-liberator after neoantergan may be due to the 
action of the latter in preventing oedema of the gastric mucosa. Neoantergan 
did not significantly alter the gastric secretory response to injected histamine. 
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When injections of these histamine-liberators were repeated several times 


_ over a period of 1-2 weeks, the gastric secretory response diminished. This may 
be due to a reduction of the releasable histamine in the tissues. 
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. Experiments on the barium contraction of the guinea-pig’s ileum. 


By C. C. Tou.* From the National Medical Research, Mill Hill, 
N.W.7 


_ The observation by Ambache (1946) that barium loses its stimulating action 
_ on the guinea-pig’s ileum, after it has been kept in the cold for several days, 


was the first evidence that stimulation of nerve cells in the intestinal wall 
contributed to the effect of barium on the fresh intestine. Feldberg (1950) 
showed, further, that paralysis of the nerve cells of the myenteric plexus by 
hexamethonium greatly reduced, but did not abolish, the barium contraction 


_ of the fresh preparation, which is therefore probably partly a direct effect of 


barium on the intestinal muscle. 
In the present experiments it was shown that the non-ganglionic component 


: of the contraction produced by small doses of barium was more sensitive to 


atropine than a histamine contraction, but less so than an acetylcholine 
contraction. 


On the guinea-pig’s ileum, suspended in 15 ml. Tyrode solution, 0-3-0-5 mg. 


barium chloride produced a contraction which often consisted of two distinct 
_ phases: an immediate, quick, shortening, followed by a delayed, sometimes 


more gradual shortening which was associated with contractions of the circular 


: muscle layer. Hexamethonium (200-400 yg.) abolished only the delayed 
_ shortening and the contractions of the circular muscle, whereas atropine 


(0-2-0-4 yg.) abolished only the immediate, quick contraction. In the presence 


of both atropine and hexamethonium these doses of barium chloride were 


practically ineffective. But the non-ganglionic component of somewhat larger 
doses could not be abolished but only reduced by atropine, even if given in 
larger doses (up to 50 yg.). 


* Colonial Development and Welfare Scholar. 
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Distribution of histamine in the guinea-pig’s skin in relation to the 
action of intravenous injections of histamine liberator. By W. 
Feipspere and A. A. Mites. From the National Institute for Medical 
Research, Mill Hill, N.W. 7 


Intradermal injections of histamine and the histamine-liberator Compound 
48/80 induce in the skin of the guinea-pig an increase in capillary permeability 
that can be demonstrated by the local exudation of a dye introduced into the 
circulation of an albino guinea-pig (Miles, 1951). The effect of the histamine- 
liberator, unlike that of histamine itself, was not abolished by neoantergan. 
However, the following observation suggests strongly that the local effect of 
Compound 48/80 in the guinea-pig’s skin is due to the local release of histamine. 
_ Whena large, but sublethal, dose of Compound 48/80is injected intravenously 
into a guinea-pig, with 50 mg./kg. of Pontamine Sky Blue 6X in its circulation, 
within 1 min., the eyelids, the whisker-bearing areas of the snout, and base of 
the ear become intensely blue and, within 5 min., there is a general blueing of — 
the head and shoulders, most intense round the ears, eyes, mouth and jaw and 
fading off towards the shoulder blades and sternum. There is also moderate 
blueing of the areolar area of the nipples and, less constantly, moderate blueing 
of the anal margin and parts of the scrotum or the labia majora. Internally, 
excessive blueing is confined to the trachea and bronchi (there is none in the | 
lung), and to the medulla of the kidney. There are also faint blue patches in the 
aorta. 
As far as the skin is concerned, there was, with two exceptions, a 2 striking 
association between the readiness with which a particular area of the skin 
blued under the influence of Compound 48/80, and the histamine content of 
normal skin extracted by grinding i in acidified saline and brief boiling, and 
assayed on the atropinized guinea-pig’s ileum. The skin areas that blued most 
readily contained 2-6 times more histamine than skin from the lower abdomen, 
back, thigh and calf, which did not blue under the conditions of the experiment. 
The exceptions were the skin of the hind and the fore paws. 
These results make it probable that the blueing of the skin produced by the 

intravenous or intradermal injection of Compound 48/80 in a guinea-pig with 
circulating dye is due to the liberation of skin histamine. : 
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Increased permeability of skin capillaries produced by histamine in 


guinea-pigs. By A. A. Mixes. From the National Institute for Medical 
Research, Mill Hill, N.W.7 


__ The only generally established vascular effect of histamine in the guinea-pig is 


vasoconstriction. But histamine also produces in this animal, as in others, 


increased permeability of the capillaries, at least in the skin, as shown by 


exudation of sia from the circulation into the site of an intradermal case 
injection. 

Albino guinea-pigs, inj tented intravenously with 50-70 mg./kg. Pontamine 
Sky Blue 6X, were given histamine (0-1-10 yg.) intradermally in 0-1 ml: saline. 
Within 3-5 min. a circular area of blueing developed, the diameter of which 
was proportional to the logarithm of the dose. This relation can be used for 
determining changes in susceptibility of the animal to histamine. When the 
dye was injected after the histamine, there was no blueing in histamine sites 
that were more than 5-10 min. old. _Moreover, when more histamine was 
injected into such sites, it induced only a slight blueing. These facts suggest 
that the skin capillaries had recovered their normal low permeability to the — 
dye and had become relatively resistant to histamine. 

When 0-2 ml. saline was injected into the centre of a histamine site, it pushed 
any active histamine peripherally, thereby increasing the diameter of the blue 
area. This increase was greatest when saline immediately followed histamine 
and gradually diminished ‘until, after 15-20 min., it no longer occurred. Thus, 
all active histamine disappeared from the site during this period. 

In an attempt to determine how far local blueing induced in guinea-pigs with 
circulating dye by trauma, by intradermal injection of histamine-liberators, 
leukotaxine, bacterial exotoxins and peptone, could be attributed to liberation 
of histamine, the effect of intravenous neoantergan was examined. Measurement 
of the effect was possible with Compound 48/80, some clostridial toxins, and 
leukotaxine because the diameters of the blued areas produced were propor- 
tional to the logarithm of the dose. Doses of neoantergan that abolished 
blueing by histamine had no or relatively little effect on the blueing produced 
by these substances. However, some of them were less active when injected 
into sites. rendered histamine-resistant by histamine, and histamine was less 
active in sites previously treated by them. This ‘cross-resistance’ suggests that 
histamine is involved in the action of these substances, or at least that the final 
agent responsible for their action on capillary permeability acts on the same 
susceptible tissue constituent as does histamine. 


The effect of varying the frequency of stimulation on the output of 
acetylcholine from the perfused — cervical ganglion of the 
cat. By W. L. M. Perry > 
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Physical factors in stereopsis. By H. Camrset and F. C. Ropar. 
Medical School, University of Durham 


The apparatus used was designed (Campbell & Rodger, 1951) to investigate 


the subject’s perception of three dimensions under varying conditions, it — 


being intended to eliminate the known factors, physical and physiological, 
one at a time until stereopsis becomes impossible. In this way one will be able 
to assess their relative importance, and perhaps to discover some new features. 

The present paper describes the results obtained on analysis of the physical 
factors in six emmetropic homophoric subjects. The experiments were per- 
formed under photopic conditions, the assessments being uniocular. 
Intersection and shadow are the most commanding factors, chiaroscuro 
playing a less important role. The changing size of the retinal image was a factor 
used by all subjects but to a varying extent in each. 

When all the known physical factors are excluded, however, a moderate 
degree of stereopsis remains. Further, if the dominant physical factor be made 
to disappear, the subjects are aware of utilizing the next most dominant. 


REFERENCE 
Campbell, H. & Rodger, F. C. (1951). J. Physiol. 112, 24 P. 
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PROCEEDINGS OF THE JOINT MEETING 
OF THE PHYSIOLOGICAL SOCIETY WITH 
‘THE BELGIAN PHYSIOLOGICAL SOCIETY, 
LIEGE 


14 April 1951 


_ Action des sels d’alkyltriméthylammonium au niveau de la jonc- 
tion neuro-musculaire. By M. J. Dattemacne 


; Histoire de la technique de mesure du métabolisme en circuit fermé. 
By M. Firorxrm 


; Trames organiques de nacres d’Haliotis étudiées au microscope 
électronique. G. DUCHATEAY, M. Fiorkin et C. Gritcore 


Appareil de mesure de l’absorption du radiophosphore par la 
branchie isolee cygnea. By E. 


_ A high stability stectronic stimulator, with two channels, each 
_ providing constant voltage and constant current output. By K. 
CoPELAND. Biophysics Research Unit, Unwersity College, London 
_ The stimulator is an improved and more comprehensive version of one pre 
_ viously described (Attree, 1949). It has two independent delay and pulse 
channels triggered from the same oscillator. This oscillator may be free running, 
_ locked to the 50-cycle mains or operated once only from a switch or via 
terminals from a contact breaker. 

_ Each pulse channel contains constant voltage 
_ stages. The output stage (current or voltage) not in use is automatically 
_ rendered inoperative by a selector switch, and both output pulses may be 
_ discontinued by the same switch. 

_ A relaxation (Transitron-Miller) oscillator is the recurrence frequency 

_ generator which operates a Carpenter relay and at the same time trips the delay 
_ circuits. Each channel has independent controls for delay, pulse width, two 
_ tanges of voltage output and two ranges of current output. Pulse A is delayed 
with respect to the oscillator. Pulse B can, by means of a selecting switch, be 
_ delayed either with respect to.the oscillator or with respect to pulse A, : 
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The relay ‘mark-space’ ratio is unity, so that it may be used as a commutator 
or for triggering other apparatus when a precise make or break contact is 


required. A negative going pulse is available for triggering time base or 


auxiliary equipment. GIANG 

voltage 

output A 

| 

| Constant 
current }>—O 

Relaxation 
oscillator and 
[Consane 


output B 

Constant | 
bd 4 voltage ->—-O 
Relay Channel 8 output 8 


Voltage pulses are positive going with respect to earth and are obtained from 
a cathode follower. The maximum pulse amplitude obtainable is 100 V. The 
power supply is stabilized. Provision is made for heater and h.t. currents for 
the operation of one or two extra valves externally (e.g. an r.f. stimulator 
deriving its supplies in this manner is demonstrated). 
Recurrence frequency  _0-01-500 cyc./sec. 


Pulse width 50 usec.—50 msec. 
Delay 50 psec.—500 msec. 
Constant voltage output § (a) 0-100 V. 
O10 V. 
Constant current (a) 100 pA.-1 mA. 
(6) 1-10 mA, 
REFERENCE 


Attree, V. H. (1949). J. Physiol, 108, 10. 


Change in the appearance of normoblasts in the bone marrow of 
rabbits subjected tosevere haemorrhage. By D, Bax and H. Lenmann. 
Department of Pathology, St Bartholomew's Hospital, London, EC. 1 


Rabbits (weight 3 kg.) were given over a period of 4 weeks six intravenous 
injections of 20 mg. iron. They were then bled four or five times on alternate 


O 


days until they had lost altogether 110-120 ml. of blood. In view of the pre- 
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_ liminary iron treatment this haemorrhage produced little anaemia, and what 
fall in haemoglobin concentration there was, was compensated within 2 weeks 
- after the cessation of the bleeding. 

_ Anindication of vigorous blood production was a rise in the peripheral blood 
_ in the concentration of reticulocytes and polychromatic large cells with an 
_ increase of the mean corpuscular cell volume and, as the mean corpuscular 
_ haemoglobin remained constant, a fall in mean corpuscular haemoglobin 
concentration (‘precoctic blood picture’). It was shown by the Price-Jones 
- technique that the reticulocytes were not only increased in number but also 
in size, 

Serially aspirated bone marrow showed under these conditions an increased 
_ preportion of early normoblasts—the ‘macronormoblastic erythropoiesis’ of 
_ Jones (1943), but no ‘macronormoblasts’, i.e. the enlarged maturing polychro- 
_ matic and pyknotic normoblasts found by Dacie & White (1949) in the bone 
_ marrow of human subjects with macrocytic haemolytic anaemia. A very slight 
increase in the size of the late normoblasts has not yet been finally excluded, 
_ but under the conditions of this experiment the major factor in the production 
_ of the macrocytosis is the emission into the bloodstream of precoctic reti- 
 culocytes. 
REFERENCES 


Dacie, J. V. & White, J. C. (1949). J. clin. Path. 2, 1. 
Jones, O. P. (1943). Arch. Path. 35, 752. 


_ A convenient apparatus for paper chromatography. Results of a 
survey of the urinary amino-acid patterns of some animals. By 
8. P. Darra and H. Harris. Biochemssiry Department and 
University College, London 


: An apparatus for the simultaneous production of twelve two-dimensional paper 
_ chromatograms (20 x 20 cm.) has been described (Datta, Dent, & Harris, 1950). 
_ This apparatus, together with numerous chromatograms obtained by its use in 
_ @ preliminary survey of the urinary and plasma amino-acid patterns of various 
_. animal species, will be shown. The results given in Table 1 indicate the three or 
_ four principal urinary amino-acids present in the species examined. 

In those cases where it has been possible to examine a number of different 
_ individuals within a single species the urinary amino-acid pattern has been 
found to be very constant; there are, however, some striking differences to be 
_ observed between different species. ) 

_ The chief points of interest are: 

(1). The occurrence of methyl histidine as one of the chief amino-acids in the 
- urine of carnivorous species together with its absence in other species and its 
_ variable occurrence in man would indicate some correlation with the nature of 
d2 
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the diet, Presumably the urinary methyl histidine is derived from the dietary 
anserine (6-alanyl-methy]-histidine) which is a normal constituent of vertebrate 


muscle (Zapp & Wilson, 1938). An enzyme capable of splitting carnosine | 


(p-alanyl-histidine) has been reported in kidney and various other tissues 
- (Hanson & Smith, 1949; Meshkova & Severin, 1947). We have been able to 
demonstrate an enzymic splitting of anserine to methyl histidine and f-alanine 
by kidney homogenates from rat and rabbit. Further, we have never detected 
appreciable amounts of either methyl histidine or anserine in plasma from a 
number of species. It seems probable, therefore, that ingested anserine is 
hydrolysed in the body and that a large part of the methyl histidine moiety is 
rapidly excreted in the urine. Further work to elucidate this problem is in 


progress. 
Taste 1. The principal amino-acids detected by paper chromatography 


_in the urines of « number of animals 
Methyl 
or 
| Glycine Alanine acid Taurine ‘Catspot’ Cystine histidine 
. Domestic cat - ++++ - ++++ 
Lion + + + - - +++ 
Tiger + + +++ 
Ocelot + + ote - ++ ~ +++ 
Puma + ++ ++ 
Genet +. + - 4 - +++ + + 
Dog + + + +++ - - +++ 
Rabbit + + + ~ 
Mouse ~ - ++++ - 
Guinea-pig + + + 
Horse + + + + i ye rt 
_ Cow +. ~ - - ‘i 


We thank Mr A. G. Searle for information on mice and Dr D. M. Walker on cows. 


(2) Chromatograms obtained with the urine of the Kenya blotched genet, 
Genetta tigrina, show extremely high concentrations of free cystine. This finding 
has been confirmed by the cyanide-nitroprusside test. The concentrations of 
cystine were measured polarographically and were found to be of the order of 
1-2 mg. /nal. This is of the same order as that found in extreme examples of 
cystinuria in man. No cystine crystals were detected in the urinary deposits 
and this raises the question of how the cystine is held in solution. Further 
investigation of this animal may yield information relevant to cystinuria in 
man. 

(3) What appears to be a hitherto undescribed amino-acid is regularly 
present in considerable quantity in the urine of the domestic cat. This substance 
moves to a similar position to the leucines in phenol/collidine-lutidine chroma- 
tograms, but may be adequately separated from them on paper strips using 
tertiary amyl alcohol. This amino-acid was also detected in the urine of the one 
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: ocelot examined, but not in the urines of any of the other species. It has not 


been found in any appreciable concentration in cat plasma. Its structure is 


> being investigated. 


We are grateful to Dr E. Hindle, F.R.S. and the Zoological Society of London for specimens of 


" arine from a number of animals. 
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Datta, 8. P., Dent, C. E. & Harris, H. (1950). Science, 112, 621. 
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Electrical responses of the utricle. By G. Corréz and A. Lepovx. 
University of Liége 


' Electrical activity is recorded from the utricular nerve of the frog. This is 
_ possible by cutting from the principal trunk of the VIIIth nerve, the posterior 
_ branch (lagena, posterior semicircular canal, pars basilaris, pars neglecta), the 
_ saccular nerve, and the nerves of the anterior and the horizontal canals. The 
_ anterior branch only is left attached to the macula utriculi. 


This experiment may be performed on the separated head of the animal, but 


_ the preparation must be as fresh as possible. On this preparation are recorded: 


(1) Spontaneous asynchronous discharges when the head is at rest in any 


position. 


(2) Enhancement of this activity when tilting the head around any horizontal 


: axis (gravity receptors). This excitation is maximum in some particular 
' positions. In the reverse positions, we generally observe a small excitation, but 
not an inhibition of the activity. This activity is especially intense during the 


movement, but fades out somewhat when the new position is reached and 


‘Maintained. 


(3) Tuning forks of low frequency elicit in the nerve asynchronous activity 


of action potentials. Tuning forks of medium frequency elicit oe 
_ discharges of the same frequency. 


(4) Application of one click (condenser discharge across an hearing aid 


_ vibrator) on the lateral side of the preparation gives rise to one, two, three or 
_ more action potentials, which may be masked either by lateral tilt, or by 
_ vibration of any tuning fork of low and medium frequency (under 500 cyc./sec.). 
_ The relative voltage of these different action potentials may be altered if the 
_ position of the head is changed from the normal to one of the lateral positions. 


(5) If the electrode is shifted along the nerve nearer the utricle, a micro- 
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An instrument for measuring the speed of blood flow and output of 
mesenteric vessels. By J. Hucuss. Institute of Internal Medicvne and 
Medical Research, University of Lnége 3 

The instrument we have devised depends on a principle already used by 

Hiirthle (1915) and Basler (1918), but the apparatus of these authors, suitable 

= for frogs, allowed the determination of the speed but not of the output. 


Fig. 1. A, vertical axis; (8, steel holder; FI, film; Z, feed rolls; V, speed-regulating 
flywheel; F, slit; P, prism; 7’, lateral tube; O, ocular; 7’'M, microscope tube. 


- The picture of a length of the vessel, greatly magnified by the microscope, is 
projected through a slit in a black camera. It is focused on a 16mm. cinemato- 
graphic film. The instrument is built in such a manner that the film moves with 
a constant speed in a direction perpendicular to the vessel. In these conditions, 
the blood cells photograph as parallel oblique lines. The angle between these 
lines and the film direction depends upon the magnifying factor used, the speed 
of motion of the film and the speed of the blood flow. As the first two factors 
can be measured, the third one is easily estimated. 

- If now the film is held stationary the instrument shows a distinct picture of 
the vessel from which its diameter can be measured. When the — and the 
calibre are known, the output is easily calculated. 

The sketch (Fig. 1) shows the instrument opened, erected above the micro- 
scope. It is movable around a vertical axis which corresponds to the optic axis 
and this allows the study of mesenteric vessels in any direction. A lateral tube 


with crosshair makes focusing possible, even when the film is in motion. 


Finally a slit ocular limits the picture to the vessel observed. 
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_ We use the magnification given by the Zeiss ‘D’ D’ objective with water 
_immersion-and the 10x ocular. Illumination is provided by a lamp with con- 
_ centrated filament, 6 V. 5 amp., boosted to 9 V. _— the ee records 
_ are being made. 


REFERENCES 


"Basler, A, (1918), Pflig. Arch. gee. Physiol. 474, 134. 
Hiirthle, K. (1915). Pflig. Arch. ges. Physiol. 162, 422. 


- Haemolymph coagulation in sixty-one species of insects. By C. 
Gricore. Laboratoires de Biochimie, Université de Liége, Belgium 

‘ Blood coagulation of three hundred specimens from sixty-one species of insects 
_ has been studied by phase contrast microscopy and recorded by a motion 
_ picture camera in a few specimens. The micrographs presented support the 
_ following conclusions: 

(1) Inthe blood of all the insects investigated, a category of hyaline haemo- 


L cytes can easily be distinguished under the phase contrast mi pe from the 


_ other kinds of blood cells. Attempts at identification of these hyaline cells with 
_ elements described in the numerous classifications of insect blood cells based on 
_ fixation and staining were inconclusive. 

(2) In the insects, the blood of which does not clot, these hyaline haemocytes 
_ do not exhibit any important alteration. 

(3) In species in which blood coagulation occurs, these hyaline haemocytes 
appear to be highly sensitive to contact with glass. They rapidly undergo 
__ alterations in their structure, which play an important if not exclusive part in 
_. the initiation of the process of plasma coagulation. In the present material 
_ these alterations are of two kinds, each of them being related to a different 
Teaction in the plasma. 

_. The first one, described previously in two Orthoptera (Grégoire & Florkin, 
_ 1950), is characterized by a succession of various local changes in the cytoplasm 
_ of a number of these cells, which are accompanied or rapidly followed by the 
_ development in the plasma surrounding them of a thin fog, rapidly thickening 
- into an island of coagulating materials. In various species, extension of the 
_ process brings about general clotting. This kind of alteration has been con- 
sistently found in all the specimens of Orthoptera and Forficula auricularia 
__ (Dermaptera), also in scattered species from different orders, with gradations 
in the amounts of coagulating substance. 

The second kind of alteration of the hyaline haemocytes consists of the 
_ extrusion of threadlike pseudopodial expansions and constitution of pseudo- 
_ podial meshworks of various complexity. These alterations are followed by the 
_ formation in the plasma circumscribed by the pseudopodial systems of thin 
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transparent, slowly developing veils. This kind of alteration has been observed 
in various species of Odonata, Lepidoptera and Coleoptera. In several species, 
both kinds of alterations of the hyaline haemocytes and their corresponding 
plasma reactions can occur together. 


(4) In presence of potassium oxalate, or cocaine hydrochloride in adequate 


concentrations, alterations in the hyaline haemocytes and the subsequent 
plasma reactions fail to occur. — 

(5) In contrast to the hyaline haemocytes, the other sebieorion of blood cells 
do not take part in the process of coagulation. Scattered or agglutinated at 
random, they are passively embedded in the islands of coagulation, in the 
veils or gathered in clusters, strands or tissue-like structures along the highly 
adhesive pseudopodial expansions already woven by the hyaline haemocytes. 

(6). In the present material, blood coagulation appears to be a continuous 
process, initiated by alterations taking place in a single category of haemocytes, 
which are followed by various degrees of plasma coagulation, from a general 
macroscopical clotting to a limited reaction, detectable only under the micro- 
scope. A separation of the process into cellular agglutination and a — 
coagulation is not supported by the present observations. 


REFERENCE 
Grégoire, C. & Florkin, M. (1950). Physiol. comp. Occol. 2, 126. 


Fundamental role of the tone and resistance to stretch of the arterial 
wall of the carotid sinus in the reflex regulation of blood pressure. 
By C. Heymans and G. van DEN Hevuvet-Heymans. Department of Pharma- 

cology, University of Ghent 


It is well known that the sino-aortic nerves are not only the means of the 
physiological blood-pressure regulation, but are also the reflex buffer nerves of 
arterial pressure. This reflex regulation of blood pressure occurs by the action 
of arterial pressure itself on presso-receptors located in the vascular walls of 
the sino-aortic areas. 

Experiments in dogs anaesthetized with chloralosane and vagotomized, 
showed (Heymans & van den Heuvel-Heymans, 1950) that local application of 
adrenaline, noradrenaline or pitressin to the arterial wall of the carotid sinus 
areas, inducing a contraction of the arterial wall, provokes a stimulation of the 
presso-receptors and thus a marked and prolonged reflex fall of arterial pressure, 
and a suppression of the vasopressor response normally induced by clamping 
of the common carotid arteries. These reactions occur after carotid sinus 
application of 5-10 yg. of t-adrenaline or t-noradrenaline. Section of the carotid 
sinus nerves, when the systemic arterial pressure has been reflexly lowered by 
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‘the local application of these drugs on the carotid sinus areas, causes an 
- immediate and very marked rise of the arterial pressure. 
|. The reflex action on blood pressure of locally applied adrenaline or nor- 
‘adrenaline may be reversed by the local application of an adrenolytic drug on 
‘the carotid sinus areas (Heymans, de Vleeschhouwer « van den Heuvel- 
Heymans, 1951). 
These experiments show that the state of contraction and thus the resistance 
_ to stretch of the arterial wall, where the carotid sinus presso-receptors are 
located, are the primary factors affecting these receptors which regulate and 
buffer reflexly the arterial pressure. 


REFERENCES 


Heymans, C. & van den Heuvel-Heymans, G. (1950). Arch. int. Pharmacodyn. 83, 520. 
Heymans, C., de Vieeschhouwer, G. R. & van den Heuvel- (1951). Arch. int. Pharma- 
codyn. 85, 188. 


Mechanical heart with coagulable blood. By L. Brut. 
Mechanism of renin formation. By A. Divry 


"Pituitary body and urinary chlorides at different systemic pressures. 
By D. Lovis-Bar 


Chronic transplanted kidney. By L. Lzrzsvre 


” Protection against antithyroid substances as seen on the red cells. 
By A. Nizer 

Influence of heated blood on diuresis. By G. Barac | 
| : Action of heated blood on the kidney. By E. Nuer | | 
| 2 Vascular effects of cortisone. By L. Dumont and P. pz Marcuin 
| ACTH and experimental arthritis. By P. pz MarcHINn : 
| Choline and metabolism. By R. Busser 
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Coagulation du sang des insectes. By M. Fiorxrn et C. Gritcorre. 
(Film) 


Microcinématographie de Ihémostase spontanée. By J. Roskam. 


(Film) 
Observation sur les plaquettes sanguines. By J. RoskaM. (Film) 


Fibrillation ventriculaire. En couleur kodachrome. By J. Date, 
M. Hanquet et E. VanREMOORTERE. (Film) 


Perfusion des glandes salivaires isolées d’Octopus macropus. 
By Z. M. Baca. (Film) 


Action du beryllium sur la mitose. By M. Cutvremonr. (Film) 


Sodium and potassium content of blood and cerebrospinal fluid in 
traumatic shock. By J. Bekarrt 


Influence of different concentrations of CO, and bicarbonate on the 
| respiratory centre. By I. Leusen 


Potentiels microphoniques dérivés des ampoules des canaux semi- 
circulaires et lois d’Ewald. By M. van Eyck 


The tension-length diagram of the sartorius muscle of the frog. 
By X. AusBert and M. L. Roquert 


Réactions analgésiques aux solutions acides, au formol, au 
refroidissement et 4 la cortisone. By J. Jacos et J. Szzrs 


Une méthode de ps des chitinases. By C. JEUNIAUX 


: L’absorption du radiophosphore par la branchie isolée de 
l’anodonte. By SCHOFFENIELS 


La voie d’invasion intraventriculaire aprés section des deux 
branches hisiennes. By M. Szcers — 
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| The relationship between depolarization and the action potential 
» complex of the cat’s superior cervical ganglion. By W. D. M. Paton 
and W. L. M. Perry. National Institute for Medical Research, Mill Hill, 
London, N.W.7 . 


* Acetylcholine and nicotine produce ganglionic block accompanied by depolari- 
_ zation of the ganglion (Paton & Perry, 1951). These drugs also change the shape 
of the action potential excited preganglionically and recorded between the 
ganglion and the tied postganglionic trunk. This change is not caused by 
pentamethonium or p-tubocurarine, which produce block without depolarizing 
the ganglion. We have analysed these changes quantitatively, using non- 
polarizable electrodes and d.c. recording. 

The slow waves of the normal ganglion action potential, described by Eccles 
(1935) as approximately exponential, can always be fitted graphically by a sum 
of two exponentially decaying waves, one negative and the other positive. 
_ Plotting the action potential logarithmically gives the time constant, t,, of the 
_ slower positive wave directly; the time constant, t,, of the quicker negative 
wave can then be obtained by subtraction. ¢, and ¢, were approximately 150 
and 50 msec. respectively. Further, by extekpoletion: to zero time, estimates of 
a second pair of parameters, the initial magnitudes, NV, and P,,, of these waves 
can be made. 

Although it has usually been assumed that the ‘slow’ waves and the initial 

‘spike’ represent two distinct processes, we found that the difference between 
the initial magnitudes, NV ,—P,,, is always approximately equal to the S, ‘spike’ 
height of the normal action potential, and that if the two exponential waves 
are summed back to zero time, the curve obtained reproduces the entire action . | 
potential, apart from deviations due to the rising time of the ‘spike’ and to 
the S, and S, discharges. 

Analysis of records obtained after drugs which depolarize the ganglion 
shows that the change in shape of the ganglion action potential is mainly 
attributable to a reduction of the parameter ¢, to as little as 5 msec., 
whereas ¢, is little altered. This great reduction in ¢, is not found after drugs 
like 

In a normal ganglion the initial negativity, N,, is pour about 3 times the 
_ ‘spike’ height. In a ganglion completely blocked by nicotine the maximum 
depolarization is of the same magnitude. Between these extremes, provided 
that it is possible to estimate N,, the sum of N, and the ganglion depolarization 
is also approximately constant at the same value. This suggests that the normal 
_ N, represents the maximum depolarization of the normal cell membrane, and 
: that after partial depolarization by nicotine or acetylcholine, NV, represents the 
- remaining possible depolarization. On this view, therefore, the prineipal action 
of depolarizing drugs on the ganglion is, through the depolarization, to reduce 
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the initial magnitude of the negative wave in response to preganglionic 
stimulation, and greatly to accelerate its decay. — 
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_ The effects of sodium and calcium on the reactions of the rat 
diaphragm. By R. J.S. McDowax1, K. A. Montacu and R. 8. Watson. 
King’s College, London 

If the sodium chloride of the Krebs-Ringer solution in which a denervated rat 

diaphragm is bathed is increased, its responses to acetylcholine are greatly 

augmented. This appears to be an osmotic effect as it is produced by glucose. 

If the calcium is increased the character of the response to acetylcholine 
changes completely as the contraction may now occur in two stages, a quick 
phase followed by a slow phase, as described by Brown (1937). | 

If the calcium is reduced to a quarter of that in normal Krebs-Ringer, the 
response of the normal diaphragm to indirect stimulation, instead of being 
augmented by adrenaline, is markedly but temporarily depressed. Similar 
reversals of adrenaline action produced by low calcium have been described 
by McDowall & McWhan (1937) in perfused vessels and ore several workers, 
e.g.._Kolm (1921), in regard to the heart. 
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The epiglottal taste buds of the rat. By B. L. AnpRew and Jzan 
OttveR. Department of Physiology, University College, Dundee (University of 
St Andrews) | 

Denervation of the tongue of the rat by section of the lingual, chorda tympani 

and glossopharyngeal nerves was reported by Pfaffman & Bare (1948) to leave 

unaltered the animal’s preference for dilute salt solutions. As Patton (1950) 

points out in his review, these unexpected results might be explained if the 

vagally innervated taste buds could be shown to be functional. 
Experiments to test this idea were carried out on adult rats anaesthetized 


with urethane. The distribution of the epiglottal taste buds was found by — 


staining with perfused methylene-blue solution. The buds were found concen- 
trated near the anterior edge and lateral wings of the epiglottis; occasionally 
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| buds occurred in the vallecula. They were innervated by one or more myeli- 


nated fibres which contributed to a branch of the superior laryngeal nerve. The 


"anterior edge of the epiglottis was found also to be within the field of sensory 


innervation of the pharyngeal branch of the vagus. 


The activity of the taste buds was studied in a further series of experiments 


in which access to the mucosal surface of the epiglottis was obtained through 
__ 4 transverse incision in the vallecula. To reach the sensory nerve fibres a part 
of the thyroid cartilage was removed and the nerve bundle dissected out. 
' At this stage it was found impossible to detect the impulses from the 
| epiglottal mucosa, since the continuous impulse traffic from the joint proprio- 


_ ceptors (Andrew & Oliver, 1951) masked the electrically smaller impulses from 
_ the taste buds. Therefore, the branches contributing to the nerve peripherally 


_ were cut until no active proprioceptors could be detected. An irregular resting 
discharge now remained, and activity in fibres connected to rapidly adapting 


: touch endings situated in the epiglottal mucosa could be identified. 


A small crystal of sodium chloride placed on the layer of mucus covering the 


- epiglottal mucosa produced, after a latency of a few seconds, a slowly adapting 
_ discharge lasting many seconds. The action potentials showed the irregular 
frequency of discharge which has been found previously to be characteristic 
of taste buds. A 0-9% sodium chloride solution at body temperature when 
applied to the epiglottis also produced a slowly adapting discharge. This is the 
strength of solution for which rats showed a maximum preference both before 
_ and after denervation of the tongue in the experiments of Pfaffman & Bare. 


These extra-lingual receptors could, therefore, form the sensory basis for the 


preference. 


This work was aided by a grant from the Medical Research Council. 
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‘ Observations on the reflex control of bronchomotor tone. By M. pz 


Burer and A. Scuwerrzer. Department of Physiology, University 
College, London | 


: We have previously shown that stimulation of the baroreceptors in the carotid 
sinus causes bronchoconstriction, whereas chemoreceptor stimulation results in 


bronchodilatation. These responses are reflex in nature (Daly & Schweitzer, 


k 19514, b, c). Experiments have now been made to discover whether or not 


bronchomotor tone is maintained reflexly from vaso-sensory areas, as happens 


. A with cardiac vagal tone. Pressure changes in the carotid sinus and aortic 
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regions in dogs under chloralose anaesthesia were produced by acute severe 
haemorrhage followed by retransfusion. Considerable changes in bronchial 
calibre were observed. Haemorrhage causes bronchodilatation by decreasing 
vagal tone; retransfusion of the blood produces bronchoconstriction; these 
responses occurred in animals with inactivated chemoreceptors. Evidence is 
presented that these responses are brought about reflexly from the baroreceptors. 
It is concluded that bronchomotor tone is, in part at least, mecmaaass reflexly 
from the vaso-sensory areas. 


REFERENCES 


Daly, M. de Burgh & Schweitzer, A. (1951a). J. Physiol. 112, 35 P. 
Daly, M. de Burgh & Schweitzer, A. (19516). Acta physiol. Scand. 22, 66. 
Daly, M. de Burgh & Schweitzer, A. (1951c). J. Physiol. 118, 442. 


Modifications of the proteins of the blood plasma and the thoracic 
lymph of the hepatectomized dog after an intravenous injection of 
peptone. By M. Avant and P: Noir. Fondation Médicale Reine Elisabeth, 
Brussels 


Previous work has shown that after the extirpation of the liver in dogs an 

intravenous injection of peptone causes modifications of the blood coagulation, 
the most apparent being the two following: 

_° (1) The blood collected a few minutes after the inj jection gives a non-retractile 

clot which sooner or later dissolves in its serum. 

(2) The concentration of fibrinogen in the plasma undergoes a progressive 
fall which may lead to its complete disappearance. 

Thrombogen, one of the mother substances of thrombin, and a serum 
albumin characterized by its antifibrinolytic property, share the same fate to 
a slightly less degree. Thege alterations of the blood plasma are much more 
rapid and more accentuated when, to build new channels to the heart for the 
blood of the portal vein and the vena cava below the liver, one makes use of 
glass tubes, paraffinated or not, rather than venous grafts. 

The fibrinolysis of the clot is mainly due to a sudden increase of the plasma 
fibrinolysin which is at its maximum immediately after the peptone injection 
and diminishes gradually afterwards until it:completely vanishes after 3—4 hr. 

Another protein accumulates in the plasma after the peptone injection, not 
transitorily like the fibrinolysin but progressively till the death of the animal. 
It is a lipoprotein, discovered by Wooldridge in 1884, in the plasma of normal 
dogs which have received an intravenous injection of peptone. This substance, 
the coagulating activity of which had been proved by Wooldridge and which 


he has named A-fibrinogen, is at present known under the names of plasma 
thromboplastin or thrombokinase. 
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After the injection of peptone the flow of the lymph from a cannula in- 


| i  serted into the thoracic duct is accelerated (up to four times). The lymph is 


7 spontaneously coagulable and its clot does not autolyse. The modifications in 


f 
4 


is low (Bacgq, 1947). 


_ the composition of the lymph are partly the same as those of the plasma, and — 
partly different. The deficit phenomena (gradual disappearance of the fibrinogen, 


thrombogen and antifibrinolysin) occur in parallel lines in the two humoral 


fluids. The storage phenomena concerning plasma thromboplastin and fibrino- 
_ lysin are usually totally missing in the lymph; when exceptionally they are 
_ noticeable it is to an incomparably weaker extent than in the blood plasma. 


Acetylcholine release during nerve stimulation of the perfused 


posterior salivary glands of Octopus vulgaris and O. macropus. 
By Z. M. Bacg and F. Gurretti. Stazione Zoologica, Naples, and — 
ment of Comparative Physiology, Liége 


The posterior salivary glands of Octopus vulgaris contain 1-3 yg./g. of acetyl- 


_ choline (Bacq, 1935). It is possible to perfuse for hours the glands of O. vulgaris 
_and O. macropus with oxygenated sea water under constant pressure, and to 


observe during nerve stimulation, saliva secretion and vasomotor phenomena 
(Bacq, 1950). An internal and external secretion of phenolic amines during 
nerve stimulation is also easily demonstrated (Bacq & Ghiretti, 1951). 

Our test for acetylcholine in sea water was the eserinized longitudinal muscle 
of a sea cucumber, Stichopus regalis (Bacq, 1939). There is a frequent leaking 


_ of acetylcholine from the non-stimulated salivary glands, a phenomenon 


already observed with the perfused mantle or head of another cephalopod 


_ (Bacq, 1936). During nerve stimulation of the preparation perfused with 
- eserinized (1/300,000 of the salicylate) sea water, the acetylcholine content is 
- increased, for instance from less than 1 x 10-* to 4x 10-°. Since the action of 
_ the stimulated perfusate is not always completely inhibited by atropine 


1 x 10-*, there may be interference by potassium ions. 

It cannot be concluded from these experiments that the nerves to the 
posterior salivary glands of the Octopi are ‘cholinergic’ like the parasympathetic 
fibres of mammals, because (1) so far we have not been able to detect any 
difference in the responses of the glands to nerve stimuli when eserine is added 
to the perfusion fluid; (2) the sensitivity to choline esters of the Cephalopods 
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Sensitization to catechol amines by adrenochrome and polyphenols. § * 
By Z. M. Baca, P. Fiscuer and J. Lecomre. Laboratoire de Pathologic ™ 
Générale, Liége > 

After the injection of catechol, pyrogallol or trihydroxy-N-methylindol, the i 

responses of the cat’s nictitating membrane to intravenously injected adrenaline ¢ 

are more potentiated than the response to quantitative adrenergic nerve §f 

stimulation (Bacq, 19364, b; Lecomte & Fischer, 1951). 

The same phenomenon is observed after slow intravenous injection of large 
doses (10-20 mg./kg.) of adrenochrome (Lecomte & Fischer, 1951). Adreno- 
chrome sensitizes markedly to adrenaline and epinine (both N-methylated 
amines); it does not potentiate or increases only slightly the action of 
noradrenaline and oxytyramine (or 3:4-dihydroxyphenylethylamine) both 
primary amines. 

Oxyhydroquinone (10-20 mg./kg.) or catechol (5-10 mg./kg.), just as 
adrenochrome, sensitize markedly the nictitating membrane for adrenaline and 
epinine, but not for noradrenaline and oxytyramine, which are less easily 
oxidable in vitro than the N-methylated corresponding amines. Thus it seems 
that this peculiar type of sensitization is an anti-oxygen effect (Bacq, 19364, b). 

After injection of adrenochrome the responses of the nictitating membrane 
to quantitative stimulation of the cervical sympathetic are ‘potentiated’, but 
to a lesser degree than the responses to injected adrenaline. This can be inter- 
preted by the assumption that the adrenergic nerves to the nictitating mem- 
brane liberate a mixture of noradrenaline (1/3) and adrenaline (2/3). 
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The uptake of mannose by the rat diaphragm and its activation by ; 
insulin. By C. Litsecg. Department of Biological Chemistry, 
Unwwersity School of Medicine, St Lowis, Missouri 

Gemmill & Hamman (1941) have demonstrated that insulin increases the rate 

of glucose uptake by the intact rat diaphragm when added to the incubation 

vessel. Mannose uptake, not examined by these authors, is also stimulated by 
insulin. The ratio ‘mannose uptake/glucose uptake’ was found to be 0-8 in the 
absence and in the presence of added insulin (5 .g./ml.), indicating that both pro- 
cesses are equally stimulated (33% increase); our experiments were performed 
as recommended by Krahl & Park (1948). Preliminary experiments with water 
extracts of rat muscle, carried out according to Colowick, Cori & Slein (1947), ee 
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| ‘ B inved that the ratio ‘mannose uptake/glucose uptake’ is essentially the same 


2 _ in muscle extracts and in the intact diaphragms. This suggests that the per- 
~ meability of the cell membrane does not limit the rate of hexose uptake by the 
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: Vitamins and proteins in the nutrition of Tenebrio molitor larvae. 
By Juan Lactercg. Laboratoires de Biochimie, Université de Liége, Belgium 


| Tenebrio molitor larvae can be grown on a synthetic diet containing pure casein 
~~ and starch, cholesterol, salts, the usual vitamins of the B-complex, biotin, 
_ choline and one undetermined factor (Leclercq, 1948; Fraenkel, Blewett & Coles, 
1950). This undetermined factor is present in small amounts in starch (Leclercq, 


_ 1948) and in optimal or suboptimal amounts in the new ‘vitamin T’ (Goetsch, 


= 1947; Nutrition Reviews, 1951). Many conclusions previously drawn in the 
- literature are not statistically significant because the real value of means is 
obscured by the interference of cannibalism and the occurrence of several 
— genetic strains in the usual mealworm populations (Leclercq, 19506). Recent 
| investigations carried out with isolated larvae of the ‘big strain’ (Leclercq, 
 1950a) show that (a) Tenebrio larvae can be grown with as good results asin flour — 
| on a diet containing the above nutrients (even without choline) supplemented 
with ‘vitamin T’; (b) lactalbumin is a much better protein than casein and 
_ the latter is better than edestin > casein hydrolysate > gliadin >soy protein 


and > zein. 
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‘Free’ amino-acids in lobster and crayfish muscle. By Merrit N. 
Camien, G. Ducnateau, M. Fiorxin and H. Sar et. Laboratoires de 
Biochimie, Université de Inége, Belgium 


fe Léon Fredericq (1901) has shown that, in marine invertebrates, ionic concen- 
_ trations within tissues are much lower than those in blood. As tissues are in 
osmotic equilibrium with the blood, Fredericq has postulated the existence in 
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these tissues of large quantities of small organic molecules. In fact, Chittenden 
(1875) had already shown the presence of glycine (0-39-0-71%) in the muscles 
of Pecten irradians. Data published by Agnes Kelly in 1904 have given support 
to Fredericq’s hypothesis. She found 5% taurine in Mytilus muscles and 4-8 °/, 
in those of Pecten opercularis, while Henze (1904) found at least 0-5 % of the same 
substance in Octopus muscles, Mendel (1904) has also found significant amounts 


of taurine in the muscles of two marine Gastropods, Sycotypus canaliculatus and . 


Fulgur carica. 

We have determined fifteen amino-acids in deproteinized muscle Sribications 
of the marine crustacean Homarus vulgaris and of the fresh-water crustacean 
Astacus fluviatilis, by microbiological methods. Proline, glycine and arginine 
were found to be present in the highest concentrations. These concentrations 
were respectively 1-2, 1-6 and 1-2% in fibre water of lobster muscle, and only 
0-2, 0-3 and 0: 1 Zoi in fibre water of crayfish muscle. 
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Auditory responses of the cerebellum. By V. Bonner and F. Bremer. 
Laboratoire de Pathologie Générale, Brussels 


The cerebellar responses to ‘clicks’ have been recorded oscillographically on 


~ decerebrate cats, with other sensory reactions. 

The characters and focus of the response described by Snider & Stowell 
(1944) have been confirmed. However, under optimal conditions (carotids 
free) the responsive area to the click (and to head tactile stimuli) extends far 
forwards on the anterior lobe. 

It is strikingly modified by a local strychnization, with the appearance of 
a sharp negative spike rising from the initial surface-positive wave. 

A long refractory period follows the response, while the quick succession of 
the two clicks may increase its negative wave. A similar conditioning (facilita- 
tion or subnormality according to the interval) characterizes the responses to 
heterogeneous pairs of cerebellipetal volleys of different sensory origins 


reaching the same cerebellar lobule (combinations of auditory, tactile and, 


proprioceptive afferent volleys). Such interferences demonstrate the con- 
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; _ vergence and physiological summation of impulses of different sensory 


* modalities and spatial origins on the cerebellar neuronic networks (cf. Dow © 
(1942) for the corticopontine afferents). 
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Lesions of the cerebral hemispheres and their effects upon opto- 
kinetic and caloric nystagmus. By M. R. Dix and C. 8. Hatters. 
Otological Research Unit, Medical Research Council, National Hospital, Queen 
Square, London — 


 Dusser de Barenne & de Kleyn (1923) Jolin that removal of one cerebral 
' hemisphere in the rabbit led to a central facilitation of induced vestibular 


| nystagmus with its rapid component towards the side of the lesion. These 
| findings were later confirmed and extended in human subjects by Fitzgerald 


_ & Hallpike (1942), who found the same directional preponderance of caloric 
~ nystagmus to the side of the lesion in a number of cases of unilateral cerebral 


" tumour and were able in addition to assign to the temporal lobe the locus of 


the mechanism responsible for this disturbance. 
It has also been shown by Fox & Holmes (1926) that unilateral cerebral 


lesions bring about preponderance to the side of the lesion of another and closely 
~ allied form of nystagmus, optokinetic nystagmus. 


We have recently carried out observations in a number of subjects exhibiting 


_@ variety of lesions of the cerebral hemispheres including some in whom 


hemispherectomy had been performed for epilepsy. 


The alterations found in the nystagmic responses will be described and their | 
mechanism briefly discussed. 
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